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Preface 


This  project  was  undertaken  with  the  intent  of 


acquiring 

a 

knowledge 

base  of  the 

available  tools  with 

which  to 

do 

CMOS/BULK 

design  work. 

This  knowledge  base 

includes 

the 

"how  to" 

of  each  tool  to 

ease  the  frustration 

that  a  designer  might  experience  (and  avoid  the  frustration 
that  I  experienced) .  The  easiest  tools  to  use  are  the  ones 
that  are  presented  in  the  pages  of  this  thesis. 

The  CMOS/BULK  library  that  was  put  together  is  by  no 
means  complete,  but  it  gives  the  designer  a  head  start  and 
hopefully  will  tickle  his  imagination  to  add  new  cells  and 
perhaps  better  versions  of  the  old  ones. 

1  would  like  to  thank  my  thesis  advisor.  Bill  Sutton, 
for  his  invaluable  help,  guidance,  and  draft  reviews  in 
completing  this  project.  I  would  also  like  to  thank  Hal 
Carter  and  Joe  Hamlin  for  their  help  in  getting  BANE  up  and 
running  on  the  VAX  11/780. 

Special  thanks  goes  to  my  lovely  new  wife,  Angela,  for 
putting  up  with  all  of  this. 


Michael  L.  McConkey 
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Aba  tract 


A  complete  CMGS/BULK  design  cycle  has  been  implemented 
and  tully  tested  to  evaluate  its  effectiveness  as  a  viable 
set  of  computer-aided  design  tools  for  the  layout, 
verification,  and  simulation  of  CMOS/BULK  integrated 
circuits.  This  design  cycle  is  good  for  p-well,  n-well,  or 
twin-well  structures,  although  current  fabrication 
techniques  available  limit  this  to  p-well  only.  BANE,  an 
integrated  layout  program  from  Stanford,  is  at  the  center  of 
this  design  cycle  and  was  shown  to  be  simple  to  use  in  the 
layout  of  CMOS  integrated  circuits  (it  can  also  be  used  to 
layout  NMOS  integrated  circuits). 

A  "flowchart"  was  developed  showing  the  design  cycle 
from  initial  layout,  through  design  verification,  and  to 
circuit  simulation  using  NETLIST,  PRESIM,  and  RNL  from  the 
University  of  Washington.  A  CMOS/BULK  library  was  designed 
and  includes  logic  gates  that  were  designed  and  completely 
tested  by  following  this  "flowchart".  Also  designed  was  an 
arithmetic  logic  unit  as  a  more  complex  test  of  the 
CMOS/BULK  design  cycle. 
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ANALYSIS  OF  THE  CAPABILITY  TO  EFFECTIVELY  DESIGN 
COMPLEMENTARY  METAL  OXIDE  SEMICONDUCTOR 


INTEGRATED  CIRCUITS 


I  at roduct i on 


Background 

The  Department  of  Defense  has  always  been  a  major 
driving  force  behind  the  development  of  new  and  better 
technologies,  and  this  is  especially  true  in  the  field  of 
microelectronics  and  integrated  circuits.  The  development 
of  integrated  circuits  and  their  successful  use  in  military 
applications  has  had  a  great  impact  on  the  size,  functions, 
and  data  processing  capabilities  of  military  systems  such 
as  aircraft,  missiles,  and  satellites.  But  integrated 
circuit  technology  has  been  increasing  steadily  for 
commercial  applications  and  not  for  military  applications 
(1:273).  Although  integrated  circuits  that  are  targeted 
for  the  commercial  market  are  somewhat  reliable,  they  do 
not  meet  Department  of  Defense  requirements  in  terms  of 
"reliability,  testability,  immunity  to  environmental 
stress,  and  speed"  (1:274).  Because  of  this,  the  VHSIC 
program  was  created. 

The  VHSIC  program  (Very  High  Speed  Integrated 
Circuits)  was  created  in  1978  and  was  put  into  affect  in 
1980.  It  is  a  four  phase  program  spanning  over  seven  years. 
It  is  designed  to  meet  the  objective  of  developing  advanced 
integrated  circuits  for  use  in  future  military  systems 


(1:276).  The  product  of  the  VHS1C  program  will  be 
integrated  circuits  with  vary  high  switching  speeds,  low 
power  consumption,  and  radiation  hardening.  In  order  to 
get  the  high  switching  speeds,  more  and  more  transistors 
have  to  be  packed  onto  the  Same  integrated  circuit.  VLSI 
technology  is  capable  of  doing  this.  But  increasing  the 
number  of  transistors  on  the  same  circuit  also  increases 
tiie  power  consumption  of  the  circuit.  A  trend  towards  the 
use  of  CMOS  has  developed  to  obtain  both  high  switching 
speed  anu  decreased  power  consumption.  Also  CMOS 
technology  has  a  somewhat  better  radiation  resistance  than 
other  leading  transistor  technologies  (2:58). 

Although  CMOS  is  not  the  only  viable  technology  for 
use  in  tiie  VLSI/VilSIC  programs,  it  is  a  proven  technology. 
Some  of  the  features  that  make  CMOS  desirable  are  as 


1.  Static  power  dissipation  is  extremely  small. 

2.  Excellent  noise  immunity. 

3.  Easter  than  p-channel  MOS. 

4.  TTL  compatible. 


Also  dynamic  CMOS  circuits  are  comparable  in  speed  and 
design  complexity  to  the  same  type  of  circuit  implemented 
in  NMOS  (4:480) . 


Currently , 

CMOS 

technology  is 

being  applied  to 

mi eroprocessors , 

RAMs, 

and  analog 

devices  such  as 

operational  amplifiers  and  ana  1 og-to-dig i tal  converters. 
Very  large,  256K,  RAMs  have  been  designed  by  using  dynamic 
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CMOS  circuits  where  many  n-channel  transistors  are  used 
with  just  a  tew  p-channel  transistors,  and  there  exists  one 
design  that  uses  an  NMOS  memory  cell  in  conjunction  with 
high  performance  CMOS  periphery  circuitry  (10).  In  this 
way,  all  the  benefits  of  CMOS  are  obtained  with  the  high 
switching  speed  of  NMOS.  CMOS  circuits  are  also  ideally 
suited  for  analog  applications  because  of  the  large  voltage 
swing  that  CMOS  can  provide.  Thus,  analog  and  digital 
devices  incorporating  CMOS  circuitry  can  be  fabricated  on 
the  same  integrated  circuit. 


Problem  Statement 

The  purpose  of  this  thesis  is  to  provide  an  analysis 
of  the  capability  to  effectively  generate  CMOS  integrated 
circuits  at  AF1T .  Currently,  only  NMOS  circuit  generation 
exists,  but  computer-aided  design  tools  for  CMOS  have 
recently  arrived  and  are  now  on  the  VAX  11/780. 


Scope 

Because  the  CMOS  computer-aided  design  tools  ire  new, 
they  will  be  studied  to  determine  their  effectiveness  in 
generating  integrated  circuits.  These  tools  include  a 
descripitive  chip  layout  language,  a  design  rule  checker,  a 
circuit  simulator,  and  a  cell  library.  Each  tool's 
effectiveness  will  be  determined  by  actually  designing  an 
integrated  circuit.  This  circuit  will  be  a  4-bit 
arithmetic  logic  unit  (ALU),  and  it  will  incorporate  cells 


from  the  cell  library. 

If  these  tools  prove  to  be  too  cumbersome  or  even 
impossible  to  use,  then  the  existing  NMOS  circuit 
generation  techniques  will  be  studied  and  modified  for  use 
in  generating  CMOS  circuits.  This  study  will  include  using 
the  Stanford  CLL  (Chip  Layout  Language)  to  layout  the 
circuit  components,  and  then  modifying  the  CIF  (Cal-Tech 
Intermediate  Form)  files  that  are  produced  by  the  Stanford 
CLL.  Also,  if  this  approach  is  taken,  compatibility 
between  the  CMOS  cell  library  format  and  the  Stanford  CLL 
will  have  to  be  determined.  If  compatibility  does  not 
exist,  then  a  new  CMOS  cell  library  will  be  developed  using 
the  Stanford  CLL. 

To  provide  some  comparisons  between  CMOS  and  other 
technologies  in  VLSI,  the  ALU  designed  in  this  thesis  will 
be  compared  to  an  ALU  of  the  same  design  using  CMOS/SOS 
technology.  This  CMOS/SOS  ALU  was  designed  by  Wayne 
Sominars  GL-83D  (5). 

To  provide  the  necessary  background,  one  chapter  of 
this  thesis  will  briefly  present  current  CMOS  technology 
plus  new  developments  that  are  making  this  technology 
better.  Also,  differences  between  CMOS  and  CMOS/SOS  will 
be  presented.  Throughout  this  thesis,  CMOS  will  refer  to 
bulk  CMOS  (silicon  substrate)  while  CMOS/SOS  (sapphire 
substrate)  references  will  be  made  explicit. 


Assumptions 

In  order  to  complete  this  thesis  work  in  the  time 
allowed,  the  following  assumptions  have  to  be  made: 


1.  Pads  suitable  for  use  in  CMOS  integrated 
circuits  are  available.  These  pads  will  include 
VDD ,  ground,  input,  and  output  pads.  The  input 
and  output  pads  should  be  TTL  compatible. 

2.  The  CMOS  cell  library  contains  the  cells  most 
frequently  used  in  designing  CMOS  integrated 
circuits.  These  cells  have  been  tested  and 
perform  according  to  design  conventions. 


Summary  of  Current  Research 

Much  is  already  known  about  CMOS.  It  is  a  well 
documented  technology  that  is  just  now  being  exploited  for 
use  in  VLSI  designs.  Currently,  research  is  being 
conducted  to  determine  how  to  avoid  an  annoying  problem 
called  latch-up.  Also,  research  is  being  conducted  on  how 
to  increase  the  speed  of  CMOS  logic  to  make  it  more 
desirable  for  VIISIC  applications.  Chapter  II  presents 
these  items  in  more  detail. 

At  AFIT,  there  is  no  research  being  conducted  in  CMOS 
technology  merely  because  there  has  been  no  opportunity  to 
do  so.  This  thesis  should  open  new  doors  for  future 
researchers . 

Approach 


The  approach  of  this  thesis  is  straight-forward.  A 
working  knowledge  of  the  available  CMOS  computer-aided 


design  tools  will  be  assembled.  This  will  include 
"flowcharts”  to  show  how  each  tool  relates  to  another  in 
the  total  CMOS  design  process.  A  methodology  based  on  this 
knowledge  and  on  the  design  process  presented  in  Mead  and 
Conway  (6)  will  then  be  produced  for  future  AFIT  students. 
If  these  tools  are  unsuitable  for  use,  then  a  methodology 
based  on  the  current  NMOS  computer-aided  design  tools  will 
be  produced.  If  time  allows,  then  compatibility  between 
these  two  sets  of  design  tools  will  be  analyzed.  For 
example,  using  SPICE  or  MEXTRA  (both  NMOS  analysis  tools) 
on  CMOS. 

After  the  design  methodology  has  been  developed,  then 
it  will  be  implemented  in  designing  a  4-bit  ALU.  The  steps 
taken  in  this  design  should  determine  whether  the  developed 
design  methodology  is  adequate  for  generating  CMOS 
integrated  circuits.  The  methodology  will  be  strictly 
adhered  to  unless  such  circumstances  dictate  otherwise. 
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is  discussed.  Also,  the  design  methodology  is  presented  in 
this  chapter.  The  intent  is  for  this  chapter  to  be  used  as 
a  tutorial  in  CMOS  integrated  circuit  design  for  future 
A FIT  students. 

Chapter  IV  presents  the  design  of  the  4-bit  ALU.  The 
initial  block  diagrams,  logic  circuits,  and  circuit  plots 
are  included. 

Chapter  V  presents  the  comparison  between  the  CMOS  ALU 
and  the  CMOS/SOS  ALU  designed  by  Sommars. 

Chapter  VI  presents  the  recommendations  and 
conclusions  based  on  the  research  included  in  this  thesis. 


CMOS  Technology 


II . 


This  chapter  presents  current  advancements  in  the 
broad  area  of  CMOS.  The  advancements  included  in  this 
chapter  are  latch-up  improvements,  speed  enhancements, 
design  complexity  improvements  as  compared  to  NMOS  and 
CMOS/SOS,  and  current  advancements  in  CMOS/SOS  at  AFIT. 
Before  these  advancements  can  be  discussed,  a  brief 
overview  of  CMOS  is  necessary.  The  reader  may  wish  to 
proceed  to  the  next  section  if  he  is  already  familiar  with 
this  technology. 

The  CMOS  Process 

Complementary  metal-oxide-semiconductor  technology, 
CMOS,  is  currently  one  of  the  leading  transistor  logic 
families  for  VLSI  design.  Its  low  power  consumption  and 
excellent  noise  immunity  make  it  ideally  suited  for 
integrated  circuits  whose  design  complexity  requires  more 
transistors  to  be  packed  on  a  given  piece  of  substrate. 

CMOS  technology  actually  consists  of  two  separate  MOS 
technologies;  that  of  p-channel  MOS,  FMOS,  anu  n-channel 
MOS,  NMOS.  Conventional  CMOS  is  known  as  bulk  CMOS  because 
it  has  a  silicon  substrate,  as  opposed  to  CMOS/SOS  which 
has  a  sapphire  substrate.  There  are  three  different 
possible  structures  for  a  CMOS  transistor,  and  these  are 
shown  in  Figure  II-l.  Typically,  most  CMOS  circuits  are 


II-l 


constructed  using  a  p-well  simply  because  it  was  the  rust 
method . 

All  three  are  claimed  to  have  advantages  in  enhancing 
the  performance  of  a  CMOS  circuit.  For  the  first  method, 
bulk  CMOS  starts  with  an  ri-type  substrate  into  which  a 
p-well  is  diffused.  This  well  eventually  holds  the  NMOS 
ci rcui t . 

After  this  diffusion,  cuts  are  made  to  diffuse  in  the 
source  and  drain  for  the  FMOS  circuit  which  have  a  higher 
concentration  of  p-type  material.  Next,  cuts  are  made  over 
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the  p-well  to  diffuse  in  the  source  and  drain  of  the  NM OS 
circuit.  Following  this  the  gates  of  each  transistor  are 
formed.  The  gate  is  usually  an  arrangement  of  polysilicon 
sandwiched  between  silicon  dioxide  (2).  In  the  last  step, 
metal  is  laid  down  to  make  the  appropriate 
interconnections.  Note  also  in  bulk  CMOS  that  there 
usually  is  an  extra  step  consisting  of  etching  a  groove 
between  each  transistor  and  growing  silicon  dioxide.  This 
increases  the  isolation  between  transistors  (2). 

Figure  11-2  shows  a  basic  CMOS  inverter  which  consists 
of  a  PMOS  circuit  and  an  NMOS  circuit.  These  two 
transistors  work  together  to  provide  the  switching,  thus 
the  name  complementary  MOS  or  CMOS.  At  any  instant  of 
time,  only  one  transistor  of  the  pair  is  on.  What  makes 
CMOS  technology  so  desirable  is  that  in  either  logic  state 
(U  or  1)  negligible  power  is  drawn  from  the  source.  Power 
dissipation  only  occurs  when  the  logic  state  switches. 
This  low  power  dissipation  makes  CMOS  ideally  suited  for 
systems  that  cannot  provide  a  large  power  supply,  such  as 
space  vehicles  or  the  new  portable  microcomputers.  Note 
that  both  transistors  are  enhancement  mode  transistors. 
This  provides  active  pull-up  and  active  pull-down  for  the 
CMOS  inverter. 

Figure  II-2  also  shows  the  typical  voltage  transfer 
characteristic  for  the  CMOS  inverter.  When  the  input 
voltage,  \T  ,  is  zero,  the  PMOS  transistor  is  on  wtiile 


the  NMOS  transistor  is  off.  This  is  because  the  PMOS 


Figure  H-2.  Typical  Inverter  and  Voltage 
Transfer  Characteristic 
(7:238,239) 

transistor  requires  negative  gate-source  and  drain-source 
voltages  to  cause  channel  formation  while  the  NMOS 
transistor  requires  positive  gate-source  and  drain-source 
voltages.  The  output  voltage,  V  ,  is  high  because  it 
is  at  the  supply  voltage  potential  through  the  PMOS 
transistor.  As  is  increased,  the  NMOS  transistor 

turns  on  (saturation)  causing  VQ  to  drop. 

A  further  increase  in  causes  both  transistors 
to  be  saturated.  It  is  at  this  point  that  the  maximum 
power  dissipation  of  CMOS  occurs.  Finally,  when  is 


a  threshold  voltage  (that  voltage  required  for  channel 
formation)  below  the  supply  voltage,  the  NMOS  transistor  is 
on  and  the  PMOS  transistor  is  off  (7:239).  The  output 
voltage  is  now  low  because  it  is  at  ground  potential 
through  the  NMOS  transistor. 

Most  CMOS  circuits  consist  of  variations  of  the  CMOS 
inverter.  Shown  in  Figure  1 1-3  are  a  CMOS  NAND  gate  and  a 
CMOS  NOR  gate.  In  the  NAND  configuration,  both  n-channel 
transistor  gates  must  be  high  to  provide  a  path  to  ground. 
Otherwise,  the  p-channel  transistors  stay  on  driving  the 
output  to  Vdd  (normally  5  volts.)  In  the  NOR 
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configuration,  operation  is  opposite. 

Also  shown  in  Figure  1 1-3  is  the  CMOS  transmission 
gate.  This  gate  is  useful  in  isolating  different  sections 
of  combinational  logic.  Current  flow  through  this  gate  is 
bi-directional  depending  on  the  active  phase  signal.  When 
the  phase  signal  is  high  (complement  low) ,  current  can  flow 
through  the  transmission  gate  in  either  direction  because 
both  the  p-channel  and  n-channel  transistors  are  on.  When 
the  phase  signal  is  low  (complement  high) ,  the  transmission 
gate  becomes  a  high  impedance  device  because  both 
transistors  are  off. 

There  exist  many  innovative  forms  of  CMOS  technology. 
All  improve  or  take  advantage  of  certain  characteristics  of 
CMOS.  High  performance  CMOS,  HiCMOS,  uses  the  twin  well 
structure  along  with  a  double  layer  of  polysilicon  to 
increase  the  speed  and  density  of  conventional  CMOS  (8). 
Stacked  Transistors  CMOS,  ST-CMOS,  stacks  the  p-channel 
transistor  on  top  of  the  n-channel  transistor  to  increase 
the  packing  density  (9)  which  makes  it  comparable  to 
densities  achieved  with  standard  NMOS  technology.  Then 
there  is  CMOS  on  insulating  substrate  such  as  CMOS/SOS. 
More  will  be  said  about  CMOS/SOS  later  in  this  chapter. 
These  are  just  three  of  the  many  forms  of  CMOS  technology 
that  can  be  used  in  circuit  applications. 

Currently,  CMOS  technology  is  being  applied  to 
microprocessors,  RAMs ,  and  analog  circuits  such  as 
operational  amplifiers  and  analog-to-digital  converters. 


Very  large,  25t>K,  RAMs  have  been  designed  by  using  dynamic 
CMOS  circuits  where  many  n-channel  transistors  are  used 
with  just  a  tew  p-channel  transistors,  and  there  exists  one 
design  that  uses  an  NMOS  memory  Cell  in  conjunction  with 
high  performance  CMOS  periphery  circuitry  (10).  In  this 
way,  all  the  benefits  of  CMOS  are  obtained  with  the  high 
switching  speed  of  NMOS.  CMOS  circuits  are  also  ideally 
suited  for  analog  applications  because  of  the  large  voltage 
swing  that  CMOS  can  provide.  Thus,  analog  and  digital 
circuits  incorporating  CMOS  circuitry  can  be  fabricated  on 
the  same  integrated  circuit. 

CMOS  Latchup 

CMOS  circuits  are  subject  to  an  undesirable  condition 
called  latch-up.  When  latch-up  occurs,  the  CMOS  circuit 
locks  into  a  logic  state  and  will  stay  that  way  until  the 
power  is  disconnected  or  the  circuit  burns  out.  An 
electrical  transient  in  the  power  supply  that  exceeds  the 
absolute  value  of  either  Vdd  or  Vss  (the  most  negative  side 
of  the  supply  voltage  which  is  usually  0V  or  ground)  is 
enough  to  cause  latch-up.  This  transient  can  be  caused  by 
a  sudden  switching  capacitance  or  it  can  even  be  caused  by 
radiation  ( 2 ) . 

Latch-up  occurs  because  of  the  structure  of  a  CMOS 
circuit.  CMOS  exhibits  parasitic  npn  and  pnp  bipolar 
transistors  as  shown  in  figure  1 1  —  4 .  This  figure  shows  a 


p- we  1  1  example,  but  the  parasitic  transistors  exist  for  the 


Figure  11-4.  CMOS  Inverter  Cross  Section  Showing 
Parasitic  Bipolar  Transistors 


n-well  and  the  twin  well  structures  as  well. 

Notice  in  the  figure  that  the  collector  of  the  npn 
transistor  drives  the  base  of  the  pnp  transistor  and  vice 
versa.  This  forms  a  pnpn  junction  which  is  an  SCR,  silicon 
controlled  rectifier.  The  latch-up  occurs  when  the 
transient  voltage  is  sufficiently  large  enough  to  Cause  an 
IK  drop  exceeding  0.7V  across  either  of  the  emitter-base 
shunt  resistors  (4:490) .  Once  one  of  the  transistors  turns 
on,  tlie  other  will  also  turn  on.  Because  the  collector  of 
each  transistor  drives  the  base  of  the  other,  both  will 
turn  on  hard  and  fast.  This  quickly  causes  the  power 
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n  su&stRate. 


supply  to  be  almost  completely  shorted.  A  large  amount  of 

current  flows  through  this  circuit  which  is  why  latch-up 

Can  be  potentially  damaging  to  the  CMOS  circuit. 

Latch-up  susceptibility  can  be  reduced  or  even 

eliminated  in  CMOS  circuits  by  careful  layout  of  the  CMOS 

circuits  and  by  either  reducing  the  product  of  the  current 

gains  of  the  parasitic  transistors  to  be  less  than 

one  x  hpy  <  1) ,  or  by  reducing 

pnp  ^npn 

the  emitter-base  shunt  resistance  of  the  parasitic  pnp 
transistor  (11:248),  or  by  using  guard  bands  around  the 
p-channel  and  n-channel  transistors  that  comprise  the  CMOS 


circuit.  The  latter  method  was  the  first  one  to  be  used. 
Figure  1 1-5  shows  how  the  guard  bands  are  used.  The 
p-channel  transistor  is  surrounded  by  a  continuous  n+  ring, 
and  the  n-channel  transistor  is  surrounded  by  a  continuous 
P  +  ring  (7:243).  Guard  bands  collect  the  minority  carriers 
before  they  reach  the  collectors  of  the  parasitic 

transistors.  Guard  bands  find  the  most  use  in  I/O 

circuitry  where  input  protection  from  transients  is 

critical  (4:490).  The  major  disadvantage  of  using  guard 

bands  is  that  they  increase  the  dimensions  of  the  CMOS 
ci rcui t . 

One  of  the  more  effective  Ways  of  reducing  latch-up 
susceptibility  is  by  reducing  the  product  of  the  current 
gains  of  the  parasitic  transistors.  This  method  is  most 
effective  when  a  p-well  is  used,  and  is  accomplished  by 


using  a  p+  buried  1 

dyer 

under  the  p' 

-wel  1 

(4  :490)  . 

This 

method  increases  the 

base 

width  of 

the 

vertica  1 

npn 

parasitic  transistor 

which 

decreases 

its 

current 

gain 

(12:254).  Other  methods  of  reducing  the  product  of  the 
current  gains  is  by  using  a  Pt-Si  Schottky  barrier  on  the 
PMOS  circuit's  source  and  drain  (13),  or  by  using 
retrograde  impurity  profiles  for  the  well  diffusions  (14). 

The  final  method  of  reducing  latch-up  susceptibility 
is  by  reducing  or  eliminating  the  emitter-base  shunt 
resistance  of  the  parasitic  pnp  transistor.  This  can  be 
done  easily  by  growing  a  lightly  doped  epitaxy  over  a 
heavily  doped  substrate  (4:490).  If  a  p-well  is  used,  then 


the  epitaxy/substrate  structure  is  n/n+,  and  if  an  n-well 
is  used,  then  the  structure  is  p/p+. 

Latch-up  characterization  is  dependent  on  the  type  of 
CMOS  structure  used  and  influences  the  choice  of  substrate 
material.  In  the  p-well  structure,  the  npn  parasitic 

transistor  is  formed  vertically,  and  its  current  gain  is 
dependent  on  well  junction  depth  and  impurity  density, 
while  in  the  n-well  structure,  the  npn  parasitic  transistor 
is  formed  laterally,  and  its  current  gain  is  dependent  on 
circuit  alignment  and  lateral  spacing  (15:451).  But 
latch-up  susceptibility  in  the  p-well  and  the  n-well 
structures  is  determined  more  by  the  emitter-base  shunt 
resistances  and  less  by  the  product  of  the  current  gains 
(11,  15,  16,  17).  This  would  make  the  use  of  a  lightly 

doped  epitaxy  critical  in  hardening  against  latch-up  in 
CMOS  circuits  that  use  either  well  structure.  There  is  no 

difference  in  latch-up  immunity  between  the  two  structures 
if  an  epitaxial  layer  is  not  used,  while  the  p-well 
structure  has  a  better  latch-up  immunity  than  the  n-well 
structure  if  an  epitaxial  layer  is  used  (16:163). 

Latch-up  immunity  in  a  twin  well  structure  is  also  due 
primarily  to  a  reduction  in  the  emitter-base  shunt 

resistances  and  not  to  a  reduction  in  the  product  of  the 
current  gains  (17).  In  this  type  of  structure,  though,  an 
epitaxial  layer  is  not  used  to  reduce  the  shunt 
resistances,  but  rather  the  impurity  doping  densities  of 

1  f  _ .  O 

the  wells  are  controlled  and  kept  at  10  cm 
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Figure  II-6. 


Domino  CMOS  (4:481) 


(17:171).  This  high  impurity  concentration  in  each  well 
ensures  low  emitter-base  shunt  resistances. 

CMOS  Speed  Enhancements 

A  CMOS  circuit  is  slower  than  TTL  or  NMOS,  but  it  is 
faster  than  PMOS.  The  reason  why  CMCS  is  slower  than  NMOS 
is  because  of  the  added  gate  capacitance  on  the  input  due 
to  the  parallel  connection  of  the  gate  of  the  PMOS 
transistor  to  the  gate  of  the  NMOS  transistor  (4:479).  The 
most  common  way  of  enhancing  the  speed  of  CMOS  is  by 


precharging  the  bus  lines  (18).  These  lines  are  pulled  to 
a  logic  1  during  one  phase  of  the  clock  cycle,  and  during 
the  next  phase,  the  bus  lines  are  used  for  the  transmission 
of  data.  In  tins  way,  the  CMOS  circuit  does  not  have  to 
supply  the  current  necessary  to  pull  the  bus  lines  high 
which  significantly  increases  the  speed  of  the  circuit. 

One  other  way  that  is  cu-rently  in  wide  use  of 
enhancing  CMOS  circuits  is  to  use  many  n-channel 

transistors  with  very  few  p-channel  transistors  (4:480). 
The  speed  enhancement  comes  from  the  use  of  a  large  number 
of  n-channel  transistors,  yet  the  power  dissipation 
advantage  of  CMOS  is  still  present  because  of  the  use  of 
the  p-channel  transistors.  This  type  of  arrangement  is 
known  as  Domino  CMOS  and  an  example  is  shown  in  Figure 
11-6. 

This  type  of  structure  is  called  dynamic  because  it  is 
enabled  only  when  the  clock  pulse  is  high.  When  the  clock 
pulse  is  low,  the  output  remains  high.  A  typical 
integrated  circuit  would  consist  of  many  of  these  types  of 
devices  in  a  cascaded  connection.  The  data  flows  from  one 
device  to  another,  thus  the  name  Domino  CMOS  (4:480). 

There  is  one  other  form  of  CMOS,  called  Hi-CMOS,  that 
offers  improved  speed  capability  over  typical  CMOS. 

Hi-CMOS  employs  the  use  of  a  twin  well  structure  with  short 
channel  transistors  and  a  double  layer  of  polysilicon  for 
the  gate  (8:534).  It  also  uses  an  n/n+  epitaxy/substrate 
structure  to  prevent  latch-up  by  reducing  the  emitter-base 


shunt  resistances  (8:535). 


CMOS  -  NMOS  Comparison 

The  structure  of  a  CMOS  circuit  and  that  of  an  NMOS 
circuit  look  similar  when  compared.  The  difference  is  that 
where  the  CMOS  circuit  contains  a  PMOS  transistor,  the  NMOS 
circuit  contains  a  depletion  mode  NMOS  transistor  with  its 
gate  shorted  to  its  drain.  This  depletion  mode  transistor 
provides  active  pull-up  and  is  always  on.  This  means  that 
the  NMOS  circuit  is  always  dissipating  power  while  the  CMOS 
circuit  is  not.  An  integrated  circuit  manufactured  with 
thousands  of  NMOS  circuits  is  going  to  place  a  constant 
load  on  the  power  source.  This  is  why  CMOS  circuits  are 
currently  being  used  in  integrated  circuits  where  the  power 
supply  is  limited. 


But 

a 

disadvantage 

of  CMOS  is  that 

it  requires 

more 

square 

area 

of  silicon 

than  does  NMOS. 

Domino 

CMOS 

and 

Hi -CMOS 

are 

then  used 

because  these  two  forms 

not 

only 

provide  significant  speed  improvements  but  they  also 
conserve  silicon  real  estate.  Table  II-l  shows  a  more 
detailed  comparison  between  these  two  technologies. 

Although  it  appears  that  NMOS  is  better,  the 
advantages  offered  by  CMOS  can  far  outweigh  any  apparent 
advantages  offered  by  NMOS.  The  designer  must  consider  the 
specifications  of  the  system  before  choosing  a  technology, 
especially  the  power  requirements. 


Table  Il-l.  CMOS  -  NMOS  Operating  Parameters  (3) 


NMOS 

CMOS 

power  dissipation 
per  gate  (mW) 

.1-10 

50nW  static 
(freq  dependent) 

fan-out 

25 

50 

propagation  delay 
per  gate  (ns) 

1-10 

10-50 

packing  density 
(gates/mnr ) 

'150 

'70 

CMOS  -  CMOS/SOS  Comparison 

CMOS/SOS  is  an  emerging  technology  that  seems  to  offer 
better  performance  than  bulk  CMOS.  A  CMOS/SOS  circuit  is 
similar  to  a  bulk  CMOS  circuit  except  that  the  actual 
transistors  are  formed  in  a  silicon  island  on  a  sapphire 
substrate.  Figure  11-7  shows  cross  section  views  of  a  CMOS 
and  a  CMOS/SOS  circuit. 

There  really  is  no  difference  between  CMOS  and 
CMOS/SOS  in  the  areas  of  power  dissipation,  process 
compl exi ty ,  arid  ease  of  design.  There  are  three  important 
differences  between  these  two  technologies  and  they  are 
parasitic  capaci tances ,  latch-up,  and  floating  substrate 
affects.  CMOS  exhibits  gate-drain,  drain-substrate,  and 
source-substrate  parasitic  capaci tances .  CMOS/SOS 
substantially  exhibits  only  a  gate-drain  capacitance  which 
is  lower  than  that  for  CMOS  (5:11-22). 
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Figure  II-7.  Cross  Section 

a)  CMOS  b)  CMOS/SOS  (19:247) 


The  reason  for  this  is  that  the  island  diffusions  are 
driven  down  to  the  sapphire  substrate  which  is  an  insulator 
(b: If  —  22) .  Decreasing  the  parasitic  capacitance  increases 
ttie  switching  speed  for  a  given  supply  voltage  and  power 
rating.  This  is  why  CMOS/SOS  enjoys  a  faster  switching 
speed  than  CMOS. 

CMOS/SOS  also  does  not  suffer  from  latch-up.  The 
sapphire  substrate  does  not  permit  this  condition  to  occur. 
There  are  no  possible  pnpn  junctions  in  a  CMOS/SOS  circuit. 
Although  CMOS/SOS  does  not  suffer  from  latch-up,  it  does 
have  a  floating  substrate  problem  that  is  not  a  part  of 
bulk  CMOS.  This  problem  causes  the  potential  on  the 
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sapphire  substrate  to  continually  rise  with  repetitive 
switching  of  the  gates  which  reduces  the  drive  capability 
of  the  CMOS/SOS  circuit  (19:245). 


CMOS/SOS  Developments  at  AFIT 

Currently,  AFIT  has  the  capability  to  design  and 
layout  CMOS/SOS  integrated  circuits  through  the  research 


effort 

of  one  of 

its  students  (5) 

A 

set  of  CMOS/SOS 

design 

rules 

were 

established  along 

with 

a  CMOS/SOS  cell 

library 

that 

will 

permit  designers 

to  build  large  scale 

integrated  circuits.  Also  developed  was  a  CMOS/SOS  PLA 
generator  that  permits  the  design  and  layout  of  a  PLA  from 
the  boolean  equations  that  define  such  a  PLA.  Finally,  a 
4-bit  ALU  was  designed  and  implemented  with  cells  from  the 
cell  library.  Although  no  integrated  circuits  have  been 
fabricated  or  tested,  this  capability  shows  promise  for 
future  VLSI  designers  at  AFIT. 


Ill . 


CMOS  Layout  and  Verification 


This  chapter  presents  the  current  computer-aided 
design  tools  that  can  be  used  to  layout  and  verify  CMOS 
integrated  circuits.  Each  tool  is  discussed  as  it  pertains 
to  the  CMOS/BULK  design  methodology.  This  chapter  can 
possibly  be  used  as  a  tutorial  in  CMOS  integrated  design 
for  future  AFIT  students. 

Design  Tools 

BANE .  A  good  layout  language  is  vital  to  design  an 
integrated  circuit.  This  is  especially  true  when  the 
designer  cannot  depend  on  an  interactive  design  process  but 
must  judiciously  place  each  interconnect  through  the  use  of 
wire  and  rectangle  statements.  The  BANE  process,  designed 
by  Stanford,  is  one  of  the  many  layout  tools  available  to 
the  designer. 

The  BANE  process  consists  of  a  pipeline  that  starts 
with  a  CLL  (Chip  Layout  Language)  file  that  describes  the 
layout  of  the  circuit  and  ends  with  a  plot  of*  the  circuit. 
It  is  an  enhanced  version  of  the  CLL  CAD  tool.  BANE  can 
also  produce  a  cifout  file  (".co")  or  a  CIF  file  (".cif") 
that  is  suitable  for  other  CAD  tools.  BANE  can  be  used  for 
NMOS  circuit  design  or  for  CMOS  circuit  design.  The 
emphasis  in  this  thesis  is  its  use  in  CMOS  circuit  design. 
For  more  information  on  CLL,  the  reader  should  consult  the 
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CLL  met iiua  1  ,  version  4  produced  by  Stanford. 

To  yet  LANE  up  and  runriiny  on  the  VnX  11/7U0,  a  number 
of  changes  to  the  source  code  had  to  be  made.  Most  of 
these  changes  concerned  pathnames,  and  all  the  changes  are 
documented  in  Appendix  A  for  reference.  One  change  that 
should  be  noted  here  is  tilt;  "lock"  procedure  of  BANE .  The 
designers  included  tins  procedure  to  eliminate  the 
contention  of  computer  resources  because  the  new  plotting 
function  takes  more  Lime.  The  "lock"  procedure  allows  only 


cnie 

BANE  run 

per 

user . 

In  order 

to 

s  t  udy 

BANE  more 

e  l'  i  r  c 
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author- 
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dure  witn 
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Cun  easily  be  reinstalled  by  first  deleting  the  comment 
tokens  and  then  recompiling  BAN11.  Appendix  A  includes  the 
steps  necessary  to  do  this. 

There  are  six  major  differences  between  BANE  and  the 

old  CLL  program,  and  these  differences  are  as  follows: 

inclusion  01  a  technology  version  option 
(CMOS  or  NMOS;  detail  It  is  NMUS) 

inclusion  of  use r  defined  labels  of  the  form 
"label:  CLL  command"  m  the  CLL  syntax 

arguments  to  options  must  be  separated  from 
the  option  by  a  space  (io;  "-v  emos"  to 
Select  CMOS  technology) 

all  options  must  precede  the  the  ".ell" 
source  files 

any  C1F  tiles  that  ate  referenced  with  an 
external  statement  from  within  the  ".ell" 
file  must  end  with  a  ".ci"  and  riot  a  "  .cif" 

ability  to  plot  DkC  violet  lOiio  on  the  ..dual 
circuit  p<lot 


Table  1 1 1 - 1 .  BANK  Options 


OPTION 

|  RESULT 

-V 

[ ii/c )  inos 

selects  the  technolgy  to  be  used,  either 
NMOS  oi  CMOS;  default  is  NMOS 

-o 

f i lename 

puts  any  output  into  filename 

-a 

supplies  a  user  defined  label  or  a  label 
of  the  form  symname . 1 l nenum  to  all  calls 
in  the  ".cif"  file  with  user  extension  5 
(symname  is  the  symbol  name  in  the 
".ell"  file  and  linenum  is  the  line 
number  it  occurs  on  in  the  ".ell"  file) 

-h 

user  labels  generated  for  all  terminals 

-P 

display  lines  containing  CLL  errors 

-u 

user  defined  labels  are  generated  and 
included  in  the  ".cif"  file  with  user 
extension  6 

-V 

use  alternate  copy  of  cl  12  language 
processor 

-Z 

provide  extensive  diagnostics  for 
debugging  BANE 

-d 

# 

supplies  a  ",co"  file  with  a  depth 
corresponding  to  the  level  of 
symbol  calls  given  by  the  number  "#" 

-A 

plot  output  on  AED  terminal 
(NOT  functional) 

-r 

produce  an  8.5  by  11  inch  plot 

-b 

increase  the  raster  plot  to 

9  feet 

One  of 
include  the 


the  primary  reasons  for  developing  BANE  was  to 
capability  to  design  CMOS  integrated  circuits 
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by  using  existing  CAD  tools  tor  NMOS  integrated  circuit 
design.  The  technology  version  option  allows  the  designer 
to  select  the  technology  desired  for  the  integrated 
circuit.  Table  111-1  summarizes  the  new  options  that  are 
included  in  BANE. 

The  -a  and  -u  options  are  not  useful  for  the  current 
implementation  of  C1FPL0T.  Each  generates  a  user  extension 
that  is  not  recognizable  by  C1FPL0T.  Therefore  the  label 
leuture  would  not  be  advantageous  to  use  until  CAD  tools 
that  can  use  this  extra  information  can  be  obtained. 

Two  useful  options  included  in  BANE  are  the  -r  and  the 
-p  options.  The  -r  option  will  cause  the  plot  to  be  drawn 
on  8.5  x  11  inch  paper  which  will  be  suitable  for  reports. 
But  if  the  plot  is  very  long  compared  to  its  height  (height 
being  measured  along  the  11  inch  side  of  the  paper)  then 
the  plot  will  not  be  contained  within  the  allotted  8.5 
inches.  The  -p  option  will  print  to  the  standard  output 
all  the  lines  that  contain  a  CLL  error.  This  greatly 
improves  any  debugging  in  a  CLL  file. 

BANE  recognizes  nine  different  layers  in  the  structure 
of  a  CMOS  integrated  circuit.  Table  1 1 1  —  2  lists  these 
layers.  There  are  four  new  layers  associated  with  CMOS 
Uesign.  The  two  layers,  pwell  and  nwell,  are  used  to 
define  the  n-channel  transistor  area  and  the  p-channel 
transistor  area,  respectively.  Either  can  be  used 
separately  for  single-well  fabrication  processes,  or  they 
Can  be  used  together  for  twin-well  fabrication  processes. 
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Table  1 1 1  —  2  -  CMOS/ BULK  Layers 


CLL  Layer 

BANE  CIF  Layer 

M0S1S  CIF  Layer 

inetal 

UM 

CM 

poly 

UP 

CP 

diff 

UD 

CD 

contact 

UC 

cc 

glass 

UG 

CG 

pwel  1 

UPW 

CW 

pplug 

UPP 

CS 

nwel  1 

UNW 

— 

nplug 

UNP 

— 

— 

— 

CE 

— 

— 

CC2 

CM2 

The  other  two  layers,  pplug  and  nplug,  are  a  d+  layer 
and  an  n+  layer,  respectively.  They  are  used  to  create 
diodes,  guard  bands,  and  to  provide  a  good  ohmic  contact 
when  grounding  the  p-well  or  tying  the  n-well  to  Vdd. 

Also  shown  in  Table  1 1 1-2  are  the  layer  names  that  the 
M0S1S  fabricators  recognize.  Currently  M0S1S  offers  only  a 
standard  p-Well  fabrication  process.  Before  a  chip  is  sent 
lo  MGS1S  for  fabrication,  the  conversion  from  the  BANE  C1E 
layer  names  to  the  MGS1S  CIE  layer  names  must  be  done. 
Note  that  MOSIS  offers  a  second  level  polysilicon  (CE) ,  a 
second  level  cut  (CC2),  and  a  second  level  metal  (CM2). 
These  additional  levels  are  used  for  creating  capacitors, 
and  any  design  work  must  be  done  in  CIF  since  BANE  does  not 
support  the  layers. 
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PRC .  After  the  circuit  hub  been  layed  out,  the 

artwork  should  be  verified  using  the  design  rule  checker. 
(Design  rules  are  discussed  in  the  next  section.)  The  new 
DRC  program  allows  the  designer  to  declare  the  particular 
technology  just  like  m  BANE  with  the  "-v"  option. 

Besides  the  standard  checks  such  as  minimum  width  and 
separation,  DRC  also  provides  three  additional  checks  with 
the  "-e"  option.  With  this  option,  DRC  checks  for  p-wells 
connected  to  ground,  n-wells  connected  to  Vdd,  and  that  all 
diodes  are  shorted.  The  p-well  and  n-well  checks  only 
consist  of  ensuring  that  these  wells  are  connected  to  the 
Same  node;  whether  it  is  ground  for  the  p-wells  or  Vdd  for 
the  n-wells  the  DRC  makes  no  distinction.  But  because  of 
the  way  that  DRC  performs  this  check  and  the  way  that  the 
wells  are  connected  to  the  supply  voltages  causes  DRC  to 
report,  that  the  wells  are  not  connected. 

One  additional  false  error  will  occur  when  DRC  is 
used.  DRC  will  report  "contact  cuts  without  poly  or  diff 
underneath"  for  those  contacts  used  in  connecting  the  wells 
to  their  respective  sides  of  the  power  supply.  These  false 
errors  should  be  ignored  in  these  situations  only.  The 
"-e"  option  should  not  be  used  unless  diodes  are  being 
implemented  in  the  circuit. 

The  ".drc"  and  ",co"  files  that  are  generated  by  DRC 
and  BANE,  respectively,  should  be  kept.  BANE  permits  the 
designer  to  "tag"  DRC  violations  on  the  actual  circuit 
plot . 
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By  typing 


bane  -v  cmos  file.drc  file.co 


the  BANE  pipeline  will  produce  a  plot  of  the  circuit  with 
little  black,  solid  diamonds  corresponding  to  the  general 
area  of  the  DRC  violation.  This  eliminates  any  confusion 
by  showing  exactly  where  DRC  spotted  a  violation. 

Extraction  and  Simulation.  Verification  of  the 
circuit  should  continue  through  the  use  of  a  simulator. 
This  could  be  an  event  level  simulator  or  SPICE.  Before 
the  simulator  can  be  used,  the  necessary  information  must 
be  extracted  from  the  circuit. 

MEXTRA  can  be  used  for  the  extraction  because  it 
recognizes  p-well  CMOS.  The  designer  must  create  a  .cadre 
file  in  the  home  directory  with  the  entry  "tech  emos-pw"  in 
it  before  running  MEXTRA  with  a  CMOS  CIF  file.  The 
designer  must  also  change  the  CIF  layer  names  to  those 
recognized  by  MOSIS  before  running  MEXTRA. 

SPICE  can  be  run  with  this  output  from  MEXTRA,  but  the 
event  level  simulator  cannot.  The  current  implementation 
of  ESIM  cannot  be  used  for  CMOS.  However,  there  exists  an 
event  level  simulator  from  the  University  of  Washington 
called  RNL .  RNL  uses  the  binary  output  from  a  program 
called  PRESIM.  PRESIM  takes  for  input  the  extracted 

information  tor  tin-  circuit.  According  to  the  RNL  User's 
Manual,  MEXTRA  with  the  "~o"  option  will  produce  the 
extracted  information  (".sim"  file)  required  by  PRESIM. 
This  is  not  completely  true.  First,  PRESIM  does  not  like 


the  "n"  declaration  for  n-channel  transistors.  It  would 
rather  have  an  "e".  Second,  the  node  records  created  by 
MEXTRA  with  the  "-o"  option  do  not  contain  all  the 
information  that  PRESIM  requires  (PRESIM  returns  a  "bad 
node  record"  error) . 

PRESIM  requires  the  ".sim"  file  to  be  in  M.I.T. 


format , 

but  MEXTRA 

produces 

the 

".sim"  file  in  Berkeley 

format . 

There 

does 

exist  a  filter 

program  called  SIMFILTER 

that  converts 

f  r  om 

one  format 

to 

the  other.  This  program 

was  used 

but 

the 

conversion 

process  did  not  produce  the 

".sim"  file  in  the  correct  format  for  PRESIM.  After 
conversion,  vital  information  such  as  the  diffusion 
perimeter,  polysilicon  perimeter,  and  metal  perimeter  in 
each  node  record  was  missing,  and  four  fields  in  the 
transistor  records  were  in  the  wrong  positions.  PRESIM 
cannot  create  an  accurate  binary  file  for  input  to  RNL 
because  of  these  errors. 

There  is  an  extraction  program  from  the  University  of 
Washington  called  NETL1ST .  This  program  takes  a  nodal 
description  of  the  circuit,  in  LISP-like  syntax  supplied  by 
the  designer,  and  creates  a  ".sim"  file  that  is  completely 
suitable  for  PRESIM.  RNL  can  accurately  describe  the 
switching  using  this  output.  Using  NETLIST  will  take  more 
time  in  the  overall  design  cycle  because  the  designer  must 
write  a  nodal  description  of  the  entire  circuit  and  all  its 
transistors,  but  using  macro  definitions  as  described  in 
the  NETLIST  manual  does  alleviate  some  of  the  design 


effort.  For  additional  information  on  NETLIST,  PRESIM, 
RNL ,  MEXTRA,  SPICE,  and  ESIM  the  reader  should  consult  the 
respective  manuals. 

Finally,  there  is  a  program  called  EXTRACT  that  AFIT 
does  not  have.  This  program  and  a  new  version  of  ESIM 
complement  BANE.  Their  procurement  would  complete  the  CMOS 
design  cycle. 

Appendix  B  completely  shows  the  steps  needed  by  the 
designer  to  layout  and  verify  a  CMOS  integrated  circuit 
using  the  available  tools  at  AFIT.  In  it  is  a  flowchart 
that  shows  the  steps.  Also  included  are  the  editing 
changes  that  the  designer  must  do  in  order  to  interface  to 
other  CAD  tools. 

Design  Methodology 

Design  Rules.  As  stated  before,  MOSIS  only  offers  a 
standard  p-well  fabrication  process.  This  process  is  for 
3 uni  (microns)  CMOS  only.  In  order  to  satisfy  the  MOSIS  3um 
design  rules  and  the  requirements  of  DRC,  a  set  of  design 
rules  were  developed.  These  design  rules  are  listed  in 
Appendix  C.  Although  the  final  CIF  file  that  is  used  for 
fabrication  can  be  scaled,  the  values  presented  for  lambda 
in  Appendix  C  represent  the  best  choice  to  ensure  a  proper 
fabrication  of  the  circuit.  These  values  also  permit  the 
designer  to  use  DRC  without  obtaining  errors  in  minimum 
width  and  spacing.  The  final  scale  value  of  75/1  (lambda  = 
1.5um)  for  the  fabrication  CIF  file  would  give  the  smallest 
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possible  circuit  if  the  values  yiven  for  lambda  in  Appendix 
C  are  used. 

Simple  Cells.  A  cell  is  a  circuit  that  is  used  with 
other  circuits  like  itself  or  different  to  make  a  larger, 
more  complex  circuit.  Each  cell  provides  a  particular 
function.  Simple  cells  would  be  classified  as  those 
circuits  that  contain  less  that  10  transistors.  Basic 
logic  gates  such  as  inverters,  NAND,  NOR,  and  transmission 
gates  would  fall  into  this  classification.  A  simple  cell 
is  relatively  straightforward  to  design,  and  Appendix  D 
shows  designs  for  a  2-,  3-,  and  4-input  NAND,  a  2-input 
NOR,  an  inverter,  a  double  buffer  (inverter  pair),  and  a 
transmission  gate.  Also  included  in  Appendix  D  are  the 
SPICE  outputs  for  each  cell.  Most  of  these  gates  will  be 
included  in  the  design  of  a  4-bit  ALU. 

Each  of  the  gates  shown  in  Appendix  D  were  designed  to 
allow  for  the  smallest  such  device  without  violating  any  of 
the  design  rules  established  in  Appendix  C.  They  were  also 
designed  to  allow  for  vertical  tessellation,  with  the  power 
running  vertically  and  the  input/output  running 
horizontally.  All  inputs  and  outputs  are  in  polysilicon, 
except  for  the  transmission  gate  whose  output  is  metal  and 
input  is  either  polysilicon  or  metal.  All  of  the  NAND 
gates  can  be  tessellated  with  each  other.  The  inverter, 
transmission  gate,  NOR  gate,  and  the  double  buffer  can  only 
be  tessellated  with  themselves.  The  ratios  used  were  those 
established  by  Sommars  in  his  thesis  (5:V-8). 


Figure  1 1 1  —  1 .  CMOS  Inverter  Layout 

The  p-well  is  clearly  identified  in  each  gate,  and 
therefore  the  n-channel  devices,  see  Figure  III-l  for  an 
example.  The  rest  of  the  unused  real  estate  of  Figure 
III-l  is  n-substrate.  Note  the  contact  cuts  in  the  ground 
wire  that  overlays  the  p-well.  Below  this  section  of  wire 
is  a  layer  of  p+  (pplug)  material.  The  contact  cuts  and 


the  p+  material  provide  a  good  contact  between  the  p-well 
and  ground.  Liberal  use  of  contact  cuts  to  ground  p-wells 
should  be  implemented  to  provide  better  latch-up  immunity. 
Placement  of  the  p-well  should  be  done  carefully,  and  the 
design  rules  of  Appendix  C  should  be  strictly  followed  to 
ensure  reliable  operation. 

None  of  these  gates  employ  guard  bands  to  eliminate 
latch-up.  Guard  bands  are  the  only  effective  way  of 
reducing  latch-up  because  of  the  fabrication  process  that 
is  available.  MOSIS  advises  that  the  only  effective  way  to 
reduce  latch-up  susceptibility  in  this  process  is  to  use  a 
large  guard  band  between  the  internal  circuitry  and  the  I/O 
circuitry.  Guard  bands  could  also  be  used  within  each  cell 
to  prevent  spurious  channel  formation,  but  the  design  rules 
and  careful  placement  of  the  polysilicon  gates  help  to 
eliminate  this. 

From  looking  at  the  SPICE  output  for  each  gate,  the 
capacitance  that  is  inherent  in  a  CMOS  device  becomes  quite 
evident.  This  is  especially  true  when  only  one  input 
changes  while  the  others  remain  high  as  shown  in  the  SPICE 
outputs  for  the  3-input  NAND  and  4-input  NAND  gates.  These 
two  gates  had  to  be  modified  as  shown  in  Appendix  D  because 
of  this  capacitance. 

The  switching  speeds  could  be  increased  by  using 
precharging,  or  since  these  designs  are  basic  CMOS  gates, 
they  could  be  eliminated  in  favor  of  using  Domino  CMOS. 
RNL,  an  event  level  simulator,  was  also  used  on  each  of  the 
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gates,  and  each  gate  switched  correctly. 

When  designing  these  cells,  especially  NAND  gates,  the 
designer  must  be  careful  in  choosing  the  proper  W/L  ratios 
of  each  transistor.  Remember  that  a  CMOS  transistor  pair 
contains  a  relatively  large  amount  of  capacitance  so  that 
the  transistors  must  be  designed  large  enough  to  allow  an 
adequate  current  flow  to  provide  maximum  and  symmetrical 
switching.  Also  the  number  of  inputs  of  a  NAND  gate  should 
be  limited  to  four.  The  reason  for  this  is  that  in  a  CMOS 
gate,  the  relative  resistance  of  each  transistor  in  the 
conducting  state  is  about  the  same  (20:203).  Consequently, 
the  number  of  inputs  that  change  simultaneously  will 

influence  the  voltage  transfer  characteristic  of  the  gate. 
The  transfer  curve  will  shift,  corresponding  to  the  number 
of  inputs  that  change.  This  shift  causes  a  decrease  in 
noise  immunity,  and,  hence,  the  usefulness  of  the  gate. 

The  designer  should  also  note  that  because  the  hole 
mobility  is  less  than  the  electron  mobility,  the  width  of 
the  p-channel  device  should  be  1.5  to  2  times  wider  than 
the  width  of  the  n-channel  device  for  a  CMOS  transistor 
pair  (20:205).  The  industry  standard  is  2:1  PMOS  to  NMOS 
tor  transistor  pairs  (5:11-13). 

Complex  Cells.  Complex  cells  are  those  circuits 
that  contain  a  large  number  of  transistors.  The  same 
methodology  exists  for  these  types  of  cells  that  exists  for 
simple  ceils.  There  is  one  addition,  though,  and  that  is 
the  use  of  guard  bands  (or  channel  stops)  with  shorting 


diodes,  or  Schottky  diodes.  The  guard  bands  are  necessary 
to  prevent  spurious  channel  formation  of  adjacent 
transistors  in  the  same  substrate  area.  The  shorting 
diodes  are  used  to  short  the  guard  band  to  the  substrate 
area.  This  is  done  by  forming  a  2x6  lambda  contact  cut 
over  the  guard  band-substrate  junction  (half  on  one  side, 
half  on  the  other)  and  then  covering  it  with  metal.  This 
ensures  that  the  transistors  remain  isolated.  The  I/O  pads 
in  the  next  section  can  be  classified  as  complex  cells. 

I/O  Pads 

A  set  of  CMOS/BULK  pads  have  been  obtained  from  MOSIS. 
These  pads  were  designed  at  M.I.T.  for  minimum 
susceptiblity  to  latch-up  under  the  current  MOSIS 
fabrication  process.  Appendix  E  shows  CIFPLOTS  for  each 
pad  that  is  available. 

The  pads  shown  in  Appendix  E  are  known  as  the  Group  1 
pads.  They  are  the  only  complete  set  and  the  most  useful. 
They  are  also  the  largest.  Each  one  is  300x640  u in,  and 
since  they  were  laid  out  with  lum  equal  to  1  lambda,  the 
size  of  each  pad  is  300x640  lambda.  They  include  input  and 
output  pads,  Vdd  and  GND  pads,  a  tri-state  pad,  a  TTL 
output  pad,  a  buffered  TTL  input  pad,  and  a  buffered  input 
pad.  There  is  no  clock  pad  included  in  this  group  or  any 

other  group.  Each  pad  lias  two  Vdd  buses  and  a  single 
ground  bus. 

The  very  top  and  very  bottom  buses  are  the  Vdd  buses. 
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The  boutom  bus  (the  narrower  one)  also  has  a  layer  of  n+ 
material  beneath  it  and  connected  to  it  with  contact  cuts. 
This  is  the  guard  band  that  separates  the  internal 
circuitry  from  the  I/O  circuitry.  It  is  only  broken  where 
the  connection  to  the  pads  must  be  made  by  the  internal 
circuitry  and  where  the  GND  connection  must  be  made  to  the 
GND  pad. 

Also  included  with  these  pads  are  standard  pad  frames 
shown  in  Table  1 1 1-3.  Each  pad  frame  has  a  full  complement 
of  standard  input  pads.  To  change  pads,  the  designer  just 
needs  to  enter  the  CIF  file  for  the  pad  frame  and  replace 


the  call  to  the  input  pad  with  a  call  to  the  pad  desired. 


III-15 


This  eliminates 


any  guess  work  as  to  the  exact  location  of 


placing  pads  around  the  perimeter  of  the  frame. 

Custom  pad  frames  can  be  designed  by  using  the  desired 
pads  alternating  with  "padlspace"  which  is  a  300uin  wide 


strip  of  the  three  bus  mater 
not  necessarily  reliable 

susceptibility.  The  standard 

USed  . 

For  more  information  on 
available,  the  reader  should 
umentation  (21). 


ials.  A  custom  pad  frame  is 
because  of  latch-up 
pad  frames  should  always  be 

the  other  two  pad  groups 
consult  the  CMOS  pads  doc 


Cell  Library 

Currently,  no  CMOS/BULK  cell  library  exists.  A  good 
cell  library  contains  those  cells  that  are  most  often  used 
by  designers  as  building  blocks.  It  should  contain  logic 
gates  that  are  most  often  used. 

Since  no  cell  library  exists,  one  was  created.  The 
logic  gates  designed  by  this  author  are  included,  as  well 
as  the  I/O  pads,  and  the  standard  pad  frames.  The  library 
is  called  "libe.lib"  and  it  has  a  corresponding 
"c_ext.cll".  It  is  used  the  same  way  as  the  library  for 
NMOS.  Appendix  F  lists  the  cells  available  from  the 
library. 
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IV. 


ALU  Design 


To  fully  test  the  CMOS  design  cycle  as  explained  in 
tiie  previous  chapter,  a  functional  circuit  incorporating  as 
many  components  of  the  cycle  as  possible  was  designed  and 
is  outlined  in  this  chapter.  This  functional  circuit  is  a 
4-bit  ALU. 

Preliminary  Design 

In  order  to  be  able  to  make  comparisons  between  this 
technology  and  CMOS/SOS  technology,  the  ALU  designed  was 
trie  one  implemented  by  Sommars  and  is  based  on  the  Motorola 
MC 10181  (5:1V— 1) .  This  ALU  is  only  four  bits  wide  and  is 
capable  of  performing  not  only  arithmetic  operations,  but 
also  logical  operations.  This  is  accomplished  through 
combinational  circuitry  included  before  each  full  adder 
circuit.  This  ALU  incorporates  look-ahead  carry  adders  to 
increase  the  speed  of  the  ALU.  Figure  IV-1  shows  the  logic 
diagram  of  the  ALU,  Table  IV-1  defines  the  terms  of  the 
ALU,  and  Table  IV-2  shows  the  ALU  functions. 

As  can  be  seen  in  Figure  IV-1,  the  ALU  consists  of  2-, 
3-,  and  4-input  NAND  gates,  inverters,  transmission  gates, 
and  double  buffers.  Clocking  is  accomplished  through  the 
transmission  gates;  the  data  and  control  signals  being 
input  on  phil  and  data  being  output  on  phi2.  The  double 
buffers  serve  as  drivers  for  sending  data  to  other  circuit 
elements . 
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Table  IV-1.  Definition  of  ALU  Terms 


AO  -  A3 
BO  -  B3 
SO  -  S3 
SSL 

FO  -  FI 
P  &  G 


Operand  A 
Operand  B 

Function  Selection  (see  Table  IV-2) 
when  "high"  selects  logic  fen; 
when  "low"  selects  arithmetic  fen 
4-bit  output 

carry  look-ahead  output  for 
successive  stages 
carry  in  bit 
carry  out  bit 


Table  IV-2.  ALU  Arithmetic  and  Logic  Functions  ( 5 : V— 1 4 ) 


Fen  Select 


S3  S2  SI  SO 


Logic  Fen 
SEL  is  HIGH 


Arithmetic  Operation 
SEL  is  LOW 

Cn  of  LSB  must  be  HIGH 
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Detailed  Design 

This  ALU  was  designed  m  live  slices  with  the  first 
four  slices  each  containing  one  A  and  b  operand  bit  and  one 
output  bit,  and  the  filth  bit  slice  containing  the  control 
oits,  carry-in  bit,  and  the  carry  outputs.  But  because 
each  slice  is  not  exactly  the  same  concerning  number  of 
cells,  each  slice  had  to  be  designed  separately.  The 
difference  in  each  slice  is  due  to  the  corresponding 
look-ahead  carry  circuitry. 

There  are  three  main  buses  in  this  design,  and  they 
run  vertically.  The  first  bus,  nearest  the  input 

transmission  gates,  transmits  the  input  control  signals, 
S0-S3,  to  the  other  four  bit  slices.  These  signals  go  to 
combinational  circuitry  that  then  control  how  the  input 
operands  are  manipulated.  The  second  bus  consists  of  eight 
wires  that  are  staggered  in  length  through  the  bit  slices. 
It.  is  used  to  transmit  the  carry  information  to  the  fifth 
bit  slice  for  calculation  of  the  output  carry.  The  third 
bus  is  only  two  wires  wide  and  is  used  to  transmit  the  SEL 
and  Cl  control  signals  to  all  the  bit  slices. 

Each  bit  slice,  except  for  the  fifth  slice, 
manipulates  only  one  bit  of  the  operand.  Each  has  a  one 
bit.  input  for  the  A  and  B  operand,  and  each  has  one  output 
for  the  nnal  product  of  the  manipulation.  The  fifth  bit 
slice  is  the  largest,  and  it  contains  all  the  control 
inputs.  It  also  has  the  carry  out  information  outputs,  P, 
G,  and  CO. 
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Because  each  cell  (gate)  was  designed  to  tessellate 
vertically,  the  cells  in  each  bit  slice  are  stacked  to 
conserve  space.  Also  by  careful  placement  of  the  cells  in 
each  slice,  the  power  connections  can  easily  be  made. 
Consequently,  the  Vdd  and  GND  connections  run  vertically 
with  the  main  Vdd  bus  at  the  top  of  the  ALU,  and  the  main 
GND  bus  at  the  bottom  of  the  ALU.  The  cells  were  placed  to 
permit  the  smallest  possible  dimensions,  although  the 
vertical  dimension  could  be  shortened  by  about  50  lambda  by 
moving  gates  in  the  first  and  fifth  bit  slices  and  routing 
wires  in  a  zigzagging  pattern.  The  overall  dimensions  of 
the  ALU  are  864x1238  lambda,  including  the  main  Vdd  and  GND 
buses.  The  lower  left  corner  of  the  ALU  is  the  origin  with 
coordinates  of  (0,4)  lambda. 


Verification 

DKC  was  run  on  the  ALU  and  the  expected  errors  were 
obtained.  These  errors  were  "p-well  unconnected  to  ground" 
and  "contact  without  poly  or  diff  underneath".  These 
errors  were  ignored  for  the  reasons  stated  in  Chapter  III, 
page  1 11-5.  There  were  only  one  or  two  minimum  width 
errors  and  these  were  corrected. 

RNL  was  then  used  to  check  the  operation  of  the  ALU. 
The  results  of  this  test  are  inconclusive.  The  output  from 
MEXTHA  with  the  -o  option  was  used  in  PRESIM,  and  a  ".net" 


file  describing  the  ALU  was  created  and  used  in  NETLIST; 
the  output  from  NETLIST  also  was  used  in  PRESIM.  Both  of 


Table  IV-3.  Modified  ALU  Functions 
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the  binary  files  created  by  PRESIM  and  subsequently  used  by 
RNL  showed  the  same  results.  After  loading  and  setting  up 
RNL ,  the  simulation  showed  the  outputs,  F0-F3,  to  go  high 
and  remain  that  way.  No  change  in  inputs  changed  the  state 
of  the  outputs. 

Subsequent  analysis  of  Sommers'  logic  diagram  and 
comparison  with  the  original  logic  diagram  for  the  MC10181 
(22:3-196)  showed  Sommers'  design  to  be  in  error.  In 
Somrnars'  Uesign,  a  NAND  gate  was  substituted  for  each  NOR 
gate  of  the  original  design.  This  is  incorrect,  since  an 
AND  gate  with  inverting  inputs  or  a  NAND  gate  with 
inverting  inputs  and  inverting  output  must  be  replaced  for 
each  NOR  gate.  Because  of  this,  the  logic  diagram  and 
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layout  of  the  ALU  was  modified.  The  corrected  logic 
diagram  is  shown  in  Figure  IV-2  and  the  CLL  layout  is  shown 
m  Appendix  G.  The  modification  consisted  of  moving  some 
wires  and  adding  11  inverters  as  shown  by  the  dotted  lines 
in  Figure  IV-2.  The  ALU  functions  also  had  to  be  modified 
and  is  shown  in  Table  IV-3.  This  modification  consisted  of 
changing  each  "high"  to  "low"  and  vice  versa  for  the 
function  select  inputs,  S0-S3,  and  reversing  the  role  of 
the  SEL  input  so  that  when  it  is  "low",  the  logic  functions 
are  selected,  and  when  it  is  "high",  the  arithmetic 
functions  are  selected.  A  hardware  implementation  of  this 
(instead  of  redefining  the  function  inputs)  would  be  to  put 
an  inverter  at  the  inputs  of  S0-S3  and  SEL,  then  all  the 
previous  functions  would  be  valid. 

This  ALU  implementation  was  then  checked  using 
PRES IM/RNL .  The  ".sim"  file  used  by  PRES1M  was  created  by 
NETLIST  using  a  ".net"  file  as  discussed  on  page  II1-8  of 
Chapter  III.  The  binary  output  file  generated  by  PRESIM 
for  use  by  RNL  was  incorrect.  The  total  number  of 
transistors  in  the  ".sim"  file  was  not  being  read 
correctly.  The  problem  was  found  to  be  in  the  transmission 
gates  and  the  double  buffers.  For  some  reason,  PRESIM  does 
not  like  them.  These  logic  gates  were  then  bypassed,  and 
the  binary  output  file  was  generated  properly. 

Switching  analysis  of  the  modified  ALU  using  RNL  was 
still  inconclusive.  Although  outputs  were  being  generated 
for  different  input  combinations  of  S0-S3  and  SEL,  most  of 


the  outputs  generated  by  the  ALU  did  not  correspond  to  the 
expected  outputs  given  in  Table  IV- 3.  Those  outputs  that 
did  correspond  were  most  likely  coincidental. 
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V. 


ALU  Comparison 
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This  chapter  presents  a  comparison  between  the 
CMOS/SOS  ALU  designed  by  Sommars  (5 :V— 12)  and  the  CMOS/BULK 
ALU  designed  in  Chapter  IV  of  this  thesis.  A  physical 
comparison  of  all  the  logic  gates  used  in  the  layout  of  the 
ALU  and  the  actual  ALU  is  included.  Throughout  this 
chapter,  references  to  the  CMOS/BULK  ALU  will  be  preceded 
by  the  word  "bulk",  and  references  to  the  CMOS/SOS  ALU  will 
be  preceded  by  the  word  "sos". 
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Logic  Gates 

The  logic  gates  that  are  used  in  each  ALU  design 
include  2-,  3-,  4-input  NAND  gates,  inverters,  transmission 
gates,  and  double  buffers.  As  expected,  there  is  a 
difference  in  the  relative  sizes  of  each.  Table  V-l  shows 
the  relative  sizes  of  each  logic  gate  for  both  the  bulk  and 
sos  versions.  Included  are  the  x-length,  y-length,  area, 
and  percent  area  difference  for  each.  The  percentage  shows 
how  much  more  area  the  bulk  logic  gate  incorporates  over 
the  sos  logic  gate. 

On  the  average,  the  bulk  logic  gates  are  39%  larger 
than  those  of  the  sos  variety.  Although  the  bulk  and  sos 
logic  gates  each  have  the  same  W:L  ratio  for  each  p-channel 
and  n-channel  transistor,  respectively,  the  bulk  logic 
gates  require  more  silicon  area  because  of  the  p-well. 

V-l 
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note:  (x  and  y  dimensions  in  lambda;  area  in  square  lambda) 


Table  V- 2.  ALU  Dimensions  for  BULK  and  SOS  Versions 


BULK  ALU  SOS  ALU  %  area 

x  y  area  x  y  area  diff 

864  1238  1,069,682  707.5  803  568,122.5  46.9 

note:  (x  and  y  dimensions  in  lambda;  area  in  square  lambda) 

The  design  requirements  for  the  size  and  placement  of  the 
p-well  dictate  how  large  the  logic  gate  will  be. 

Figure  V-l  shows  how  the  p-well  increases  the  size  of 
a  bulk  logic  gate.  Both  are  2-input  NAND  gates  plotted 
with  the  same  scale.  The  sos  NAND  gate  is  much  more 
compact  because  its  transistors  are  formed  from  isolated 
islands  of  silicon  on  a  sapphire  substrate.  The  bulk  NAND 
gate  requires  the  p-well  to  form  the  n-channel 
complementary  transistor,  and  it  must  be  large  to  ensure 
isolation. 

ALU 

Each  version  of  the  ALU  is  comprised  of  2-,  3-, 
4-input  NAND  gates,  inverters,  transmission  gates,  and 
double  buffers.  Because  of  this,  the  size  of  the  ALU  is 
dependent  on  these  logic  gates  and  any  associated 
interconnecting  wires.  As  shown  in  the  first  section  of 
this  chapter,  the  bulk  logic  gates  are  larger  than  the  sos 
logic  gates,  and,  therefore  the  bulk  ALU  is  larger  than  the 
sos  ALU.  Table  V-2  shows  the  dimensions  of  each  ALU. 


The  larger  size  of  the  bulk  ALU  has  nothing  to  do  with 
the  wiring  changes  and  added  inverters  that  were  necessary 
to  correct  the  design  of  the  logic  of  the  sos  ALU  (see 
Chapter  IV) .  There  was  no  change  in  size  of  the  modified 
ALU  with  respect  to  the  original  ALU.  However,  the  bulk 
ALU  can  be  made  smaller  in  the  y-dimension  by  bringing 
devices  closer  together  and  routing  interconnect  wires  in 
zigzagging  patterns.  Most  of  this  shrinking  can  be  done  in 
the  first  and  fifth  bit  slices  for  a  total  of  approximately 
50  lambda.  The  x-dimension  cannot  be  made  smaller. 
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VI .  Conclusions  and  Recommendations 

Conclusions 

A  complete  CMOS/BULK  design  cycle  has  been  implemented 
and  fully  tested  to  evaluate  its  effectiveness  as  a  viable 
set  of  computer-aided  design  tools  for  the  layout, 
verification,  and  simulation  of  CMOS/BULK  integrated 
circuits.  This  design  cycle  is  good  for  p-well,  n-well,  or 
twin-well  structures,  although  MOSIS  currently  supports 
just  the  p-well  fabrication  process. 

BANE  was  shown  to  be  simple  to  use  in  the  layout  of 
the  CMOS  integrated  circuits  (it  can  also  be  used  to  layout 
NMOS  integrated  circuits) .  The  CLL  constructs  that  are 
employed  by  BANE  make  this  layout  uncomplicated.  The  added 
options  of  BANE  are  useful  (see  Table  III-l).  The  one 
option  that  does  not  work  is  the  grid  option,  -g.  The  BANE 
pipeline  misinterprets  this  option  and  instead  of  plotting 
a  grid  over  the  circuit,  it  simply  darkens  the  outline  of 
the  circuit.  The  problem  seems  to  be  in  the  program 
"concat"  of  the  BANE  pipeline. 

The  design  rule  verification,  DRC ,  is  also  useful  but 
is  limited  because  of  the  nature  of  the  CMOS  integrated 
circuit  structures.  It  is  good  for  checking  minimum  widths 
and  distances,  but  it  cannot  be  used  for  checking  "p-well 
connected  to  ground"  or  "n-well  connected  to  Vdd" .  DRC 
also  produces  the  errors  "diffusion  not  inside  n-well"  tor 
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the  p-channel  transistors,  and  "contact  without  poly  or 
diff  underneath"  for  all  the  contacts  that  are  used  to 
ground  the  p-well.  These  errors  indicate  that  DRC  would  be 
most  useful  for  the  twin-well  CMOS  structure. 

The  simulation  of  a  CMOS  integrated  circuit  is 
accomplished  using  NETLIST,  PRESIM,  and  RNL.  NETL1ST 
produces  the  ".sim"  file  for  use  in  PRESIM/RNL.  MEXTRA 
with  the  -o  option  cannot  be  used  even  when  converted  with 
SIMFILTER  because  of  differences  in  the  fields  of  the 
transistor  and  node  records  within  the  ".sim"  file  produced 
and  what  PRESIM  expects  in  the  fields  of  each  record.  RNL 
was  shown  to  be  highly  useful  and  more  versatile  to  use 
than  ES1M . 

A  CMOS/BULK  library  was  developed,  and  it  contains  the 
integrated  circuits  that  were  designed  as  part  of  this 
thesis.  All  of  the  gates  simulated  correctly  except  for 
the  transmission  gate  and  the  double  buffer.  Although 
SPICE  analysis  showed  these  gates  to  work  properly  (see 
Appendix  D) ,  PRESIM  would  not  correctly  process  these  two 
gates  for  simulation.  Any  design  work  should  exclude  these 
two  gates  when  simulating  the  circuit. 

An  ALU  based  on  the  Motorola  MC10181  was  designed 
using  the  logic  gates  designed  in  this  thesis.  Limited 
success  was  accomplished  in  the  simulation  runs  of  the 
modified  ALU  presented  in  Chapter  IV.  These  runs  showed 
the  usefulness  of  RNL,  but  the  bugs  in  the  ALU  have  not 
been  worked  out. 
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Also  included  in  the  library  are  pads.  These  pads 
were  designed  at  M.l.T.  for  minimum  susceptibility  to 
latch-up.  They  include  standard  input  and  output  pads,  a 
tri-state  pad,  and  TTL  compatible  input  and  output  pads.  A 
problem  with  these  pads  occur  when  including  them  in  a 
".ell"  file  with  the  "external"  statement.  BANE  will  not 
plot  the  pads,  and  it  gives  the  error  "LAMBDA  not  gridded" . 
This  error  occurs  because  of  the  scaling  factor  within  the 
Cl E'  code  for  the  pads.  Therefore  the  pads  must  be  included 
in  the  CIF  file  only  for  the  integrated  circuit. 

The  final  CIF  file  that  is  sent  to  fabrication  must 
have  the  "C-type"  layer  names  that  are  recognized  by  MOSIS 
(see  Table  1 1 1  —  2 >  .  Also  the  scale  factor  in  the  CIF  file 
can  be  changed  to  75/1  to  give  the  minimum  size  circuit 


( lambda 


l.Sum).  This  scale  factor  can  be  left  at  125/1 


for  a  5um  minimum  feature  size  circuit  implementation. 


Recommendations 

The  following  recommendations  are  made  solely  to 
enhance  the  CMOS/BULK  design  cycle: 


1.  The  grid  option,  -g,  of  BANE  should  be 
corrected.  This  would  entail  analyzing  the 

source  code  of  BANE  and  perhaps  discussing  the 
problem  with  the  program's  software  engineers. 
This  could  be  done  as  a  special  study. 


2.  The  CMOS/BULK  ALU  should  be  analyzed,  and  if 
necessary  discarded  in  favor  of  an  ALU  that  does 
not  provide  as  many  functions.  The  logic  of  the 
ALU  should  be  compared  to  the  logic  of  the 
original  Motorola  design.  Any  changes  can  then 
be  made  and  the  ALU  simulated  with  RNL.  This 
could  also  be  done  as  a  special  study. 

3.  Procurement  of  three  computer-aided  design 
programs  from  Berkeley  should  be  made.  They  are 
designed  to  complement  BANE  and  to  take  full 
advantage  of  its  capabilities.  These  programs 
are  EXTRACT,  an  extraction  program;  ESIM,  the  new 
version  which  is  capable  of  simulating  CMOS 
circuits;  and  CIEPLOT,  the  new  version  which  is 
capable  of  plotting  the  CMOS  integrated  circuits 
without  having  to  use  the  -P  option. 

4.  Procurement  of  an  advanced  CMOS/BULK  library 
should  be  made.  Most  CMOS  design  work  is  done 
using  library  cells  that  are  known  to  be  fully 
operational.  An  advanced  CMOS/BULK  library 
containing  complex  cells  is  necessary  to  design 
large  systems  efficiently. 

5.  A  textbook  about  the  design  of  CMOS 
integrated  circuits  should  be  made  available  to 
future  VLSI  students.  A  book  similar  to  Mead  & 
Conway  (6)  is  necessary,  but  one  does  not  exist. 
Selected  articles  on  Domino  CMOS  and  p-well  CMOS, 
coupled  with  Chapter  II  and  III  of  this  thesis 
might  be  adequate  until  such  a  book  can  be  found. 
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Changes  to  the  BANE  source  code  are  documented.  Most 
of  these  changes  were  pathnames  so  that  proper  execution  of 
the  BANE  pipeline  could  be  accomplished.  Also  presented 
are  the  steps  to  reinstall  the  "lock"  procedure  for  BANE. 
All  the  changes  were  done  to  the  source  code  that  exists 
under  the  directories  / usr/ loca 1 /cad/ 1 ib/ Stanford/ src/ DRC8 3 
and  / usr/ local /cad/ lib/ Stanford/ src/ PIPELINES 3 /SRC. 

1.  For  all  source  files  : 

/usr/ local/ include  — >  /usr/ loca 1 /cad/ 1 ib/bane 
/usr/ local/ lib  — >  /usr/ loca 1 /cad/ 1 ib/bane 

/usr/ local/ lib/drc  -->  /usr/ local/cad/ lib/bane/drc 
/scr/ DISTRIBUTIONS/ DIST8 3 /LIB  — > 

/usr/ local /cad /lib/bane 

2.  For  spathnames.h  : 

-  pathnames  for  TPLOT ,  APLOT,  and  EAPLOT  removed 

-  / scr / DI STRIBUT IONS/ D1ST8 3  — > 

/usr/ local /cad/ Stanford/ src/ PIPELINES  3 /SRC 

3.  For  bane.c  : 

-  pipeline  modified  to  reflect  removal  of  APLOT 

and  TPLOT 

4.  To  reinstall  the  lock  procedure  : 

a)  Go  to  the  directory 

/usr/ local /cad /Stanford/ src/ PIPELINES  3 /SRC/ BANE 

b)  Edit  Makefile 

-  add  lock.c  to  the  command  line  that  creates  bane, 

line  #56 

c)  Edit  bane.c 

-  remove  the  comment  tokens  from  the  declaration 
for  lock,  line  #221 

-  remove  the  comment  tokens  from  the  call  to 
lock.c,  line  #276 

-  remove  the  clean  up  call  for  lock.c, 
line  #661 

d)  Run  "make  bane" 

e)  Move  "bane"  to  /usr/ local/cad/bin 
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Appendix  B. 


CMOS/ BULK  Design  Cycle 


The  complete  CMOS/BULK  design  cycle  is  presented. 
Figure  B-l  shows  the  cycle. 

In  Figure  B-l,  the  designer  must  supply  the  files 
".ell"  which  is  the  layout  of  the  circuit  used  by  BANE,  and 
".net"  which  describes  the  network  of  the  circuit  for  use 
in  NETL1ST.  All  the  other  files  are  created  by  the 
programs  shown  in  the  boxes. 

Before  using  MEXTRA,  the  designer  must  edit  the  " .cif" 


file. 

The 

II  j  II 

in  the  scale  number 

(ie,  ”DS 

1000  125/1;”) 

within 

the 

file 

must  be 

deleted  and  a  space 

inserted,  and 

the  layer 

names 

must  be 

changed 

to  those 

recognized  by 

MOSIS, 

see 

Table 

I I 1-2 . 

The  file 

".cadre"  with  the  entry 

"tech 

emos- 

-pw"  must  also 

be  added 

to  the  home  directory. 

The  " . 

sim" 

file 

produced 

by  MEXTRA 

cannot  be 

used  for  the 

event 

level  simulator, 

RNL,  because  the 

binary  file 

produced  by  PRESIM  for  use  by  RNL  cannot  be  guarenteed  to 
be  correct  (see  the  section  titled  "Extraction  and 
Simulation"  in  Chapter  III  of  this  thesis).  NETLIST  should 
be  used  to  create  the  ".sim"  file  for  PRESIM. 

When  usirHj  CIFPLOT,  the  option  -P  must  be  used  with 
ttie  file  upat.  This  file  contains  the  description  of  the 


stipple  patterns  needed  by  CIFPLOT. 


The  following  are  pathnames  to  the  necessary  programs. 

The  designer  should  create  aliases  for  them  in  the  .cshrc 

file  in  the  home  directory,  or  simply  add  the  paths  to  the 

PATH  line  in  the  .login  file. 

bane  -->  /usr/ local/cad/bin/bane 

cifplot  — >  /usr/ local/cad/bin/cifplot 

mextra  — >  /usr/ local/cad/bin/mextra 

newdrc  -->  /usr/ local/cad/ lib/bane/drc/drc_fi Iter 

netlist  -->  /usr/ local/cad/uw/bin/netlist 

presim  -->  /usr/ local/cad/uw/bin/presim 

rnl  -->  /usr/ local/cad/uw/bin/rnl 

spice  — >  /usr/ local/cad/bin/spice 

RNL  requires  two  files  to  be  loaded  prior  to  executing 
a  simulation  run.  These  are  loaded  after  invoking  RNL  by 
typing  "  (load  "file")  ",  where  "file"  is  one  of  the 
f ol lowing : 

/usr/ local/cad/uw/ 1 ib/rnl /uwstd . 1 
/usr/ local /cad/ uw/ lib/rnl/uwsim. 1 

To  use  the  CMOS/BULK  cell  library,  the  term 

#i nclude  "/usr/ local /cad/ 1 ib/bane/c_ext . cl  1 " 
must  be  the  first  term  in  the  ".ell"  file.  Also,  the  BANE 
option  "-1"  must  be  used  in  conjunction  with  "c"  in  the 
BANE  command  line;  ie,  "bane  -v  emos  -1  c  .  .  .  " 

To  produce  the  CIF  file  that  is  sent  for  fabrication, 
tne  option  "-F"  must  be  used;  ie, 

"bane  -v  emos  -F  fi le. cl  1". 
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Appendix  C. 


CMOS/ BULK  3am  Design  Rules 


n 

■ 


Presented  are  the  design  rules  developed  for  CMOS/BULK 
circuit  layout.  These  rules  conform  to  the  MOSIS  standard 
3um  p-well  process,  (L  =  lambda). 


r. 


minimum  poly  width  2L 

poly-poly  separation  2L 

poly  gate  extension  over  active  area  2L 

minimum  metal  width  3L  (.7uA/um) 

metal-metal  separation  3L 

active  area  minimum  opening  3L 

active  area  separation  3L 

poly-diff  (active  area)  separation  2L 

minimum  contact  size  2Lx2L 

maximum  contact  size  2Lx6L 

contact-contact  separation  2L 

Pwell  minimum  width  5L 

Pwell-Pwell  separation,  same  potential  6L 

different  potential  10L 

p+  active  area  to  Pwell  edge  6L 

p+  mask  overlap  of  Pwell  3L 

p+  active  area  to  n+  active  area 

separation  inside  or  outside  Pwell  3L 

n+  active  area  in  Pwell  to  Pwell  edge  3L 

n+  active  area  in  n-sub  to  Pwell  edge  5L 


diffusion  (active  area)  cannot  cross  well  boundary 

scale  in  "final. cif"  can  be  no  smaller  than  75/1 
so  that  L  =  1.5um 
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Appendix  D. 


Description  and  SPICE  Outputs 
of  CMOS/BULK  Cells 


Presented  are  the  schematics,  CLL  plots  and  SPICE 
outputs  for  the  trans imi ssion  gate  (TX_GATE) ,  2-,  3-,  and 
4-input  NAND  gates  (NAND2,  NAND3,  NAND4 ,  respectively), 
2-input  NOR  gate  (N0R2),  inverter  (INV),  and  the  double 
buffer  (DBUF ) .  These  cells  were  designed  to  allow  for 
vertical  tessellation.  They  are  also  cross  referenced  by 
Cl  F  ID  number  for  the  CMOS/BULK  cell  library,  "libc.lib". 

The  ratios  next  to  each  transistor  in  the  schematic 
correspond  to  its  width  :  length  ratio.  All  units  are  in 
lambda  (L) . 

The  SPICE  outputs  for  the  NAND  gates  correspond  to 
different  input  conditions.  These  conditions  are  marked  on 
each  respective  SPICE  output. 

The  numbers  that  are  included  on  both  the  schematic 
and  the  CLL  plot  are  the  internal  SPICE  node  numbers.  The 
location  of  each  number  on  the  schematic  corresponds  to  the 
same  location  on  the  CLL  plot.  This  provides  clarification 
of  electrical  continuity  in  the  CLL  plot. 


l**««n»07'25/&4  ********  SPICE  26.1  USuCTGo)  *««««»**i0:57:5o****» 

6  CMOS/BULK  TfiWIbMlbSlGN  GmTE  TRAiSlENT  A*ilYS1S 

input  listing  teiiperaiuke  -  22.000  deg  c 

tjtttlttHnttittttttttttttiitttftiitHttttttuttititt  ***********  tttttittt 


.wiuln  GUI-60 
.1C  O\4)=0 

.OPTIONS  ITL lTLtFi 

.rtOut'L  1410b  14105  (VI IF IV  TOa- 75(41  OiFjOO  NjucfIEIj  LIF0.7OM) 

*lEvEL-1 

.MOUtL  rllOb  FflUS  (VllF-jO  TGa=?jNH  OLF300  NS0t>=2.5£i5  L[F0.?Ut1) 

< lEVEl-1 
ODD  1  0  OC  50 

HI  6  5  4  0  NMOS  L-5.00  U=5.8U 

M2  6  7  4  1  PMOS  L=5.0U  CfIO.KU 

C3  o  tf  0.072PF 

C4  <1  0  0.0o5PF 

01H1  6  a  DC  5V 

VP  5  o  PULSE  (00  50  INS  INS  INS  5NS)  input  high 

VPB  7  I)  PULSE  (50  bO  INS  INS  INS  5rtS) 

.Tfirbi  0.5N5  IoNS  U1C 
.PLOT  TkaN  0(5)  0(4)  (00,50) 

.END 

l****«*»b7/25/84  «***«*«  SPICE  2G.1  (150CT60)  ***t«*«10 :5?:5B*‘«** 

0  CMOS/BULK  TRANSMISSION  GATE  TRA1SIB1T  ANALYSIS 

H6SFET  MODEL  PARhNETERS  TEMPERATURE  =  27.00b  DEG  C 

^  ******  *************  ****************************  ************************ 


NMOS 

PMOS 

OTYPE 

1410b 

PMUS 

OLEvEl 

1.000 

1.000 

001 0 

1 .000 

-1.000 

BKP 

2.300-05 

1.38d-05 

06AYA 

0.396 

0.626 

bPril 

0.576 

0.624 

bCJ 

l.B2d-04 

1.6ld-04 

01  OX 

7.50d-08 

7.50d-08 

0NSo6 

1 .00d<15 

2.50d«15 

OLD 

7.000*07 

7.00d-07 

BUU 

500.000 

300.000 

j «*«»*»t()7./25/84  ********  SPiCE  26.1  (15GCT80)  **««**o!0:5?:50<***» 


O  CMuS/bULK  TRANSMISSION  GATE  TRANSIENT  Af*YLYSlS 


0«***  TRAISIEnT  AONLfSlS 


TEMPEkhiUkE  =  27.000  DE6  C 


ij  ************************************************** t**t**********t****** 


1 ******<87/25/84  ********  SPICE  26.1  \ijOCTbdl  <******»i] :32:2b***** 


d  CM0S/8ULK  T  RfN Sill  SSI  UN  GATE  TRANSIENT  HlnllfSlS 

it***  INPUT  LISTING  TEMPERATURE  =  27. bed  DEG  C 

a******************* **************************************************** 

•wiGTH  0uT=8d 
.1C  V(4)=5 

.OPTIONS  lTU-idd  1Tl5=6 

.MODEL  tflGS  tflOS  LVTG=1V  TO/=75rt1  UO=586  NSuEpIEIj  LD=6.7Uh) 

+ LEVEL-1 

.MUDEL  Pnos  PflGS  iVTu=-lV  TQX-75W  UO=3dd  NSUtf=2.5£i5  lD=8.?UM) 

♦l£VEL=I 
VDO  1  d  DC  5V 

Ml  6  5  4  0  fdlOS  L=5.8U  LfS.bO 

M2  o  7  4  1  PMOS  L^S.dU  U=ld.8U 

C3  b  8  8.872PF 

C4  4  8  6.d65PF 

VJNJ  6  8  DC  8V  input  low 

VP  5  8  PULSE  <6V  5 V  INS  INS  INS  5NS) 

VPS  7  8  PULSE  <5V  8V  INS  INS  INS  5NS) 

.TRhN  B.5NS  18NS  U1C 
.PLOT  TRtfl  V(5)  V(4>  <dV,5V) 

.END 

1 *******87/25/84  ********  SPICE  26.1  <  1 50CT68)  <**«****]  1 :32:28***»* 

d  CH0S/6ULK  TRANSMISSION  GriTE  TRANSIENT  A1W.YS1S 

d**«*  MOSfET  MODEL  PARAMETERS  TEMPERATURE  =  27.868  DEG  C 


NMOS 

PMUS 

dTYPE 

NMOS 

pmos 

8LEVEL 

1.686 

l.d68 

6VT0 

1.868 

-1.666 

8KP 

2.3do-85 

1.38d-d5 

8  GAMMA 

8,398 

8.828 

dPHI 

8.578 

6.824 

8CJ 

l.d2d-84 

l,6id-64 

6T0/ 

7.5dd-68 

7.580-68 

dilSuG 

1 .6dd»l5 

2.580+15 

6LD 

7.B8d-67 

7 . 680-87 

6UU 

588.866 

368.866 

l*******d7/25/84  ********  SPICE  2G.1  U50CT88)  ********11:32:26***** 


8  CMOS/BULK  TRrNSMISSIGN  GATE  TikNSIBlT  Fd^LYSIS 

dot*  TRANSIENT  ANALYSIS  TEMPERATURE  =  27.886  DEG  C 


tj  *********«**********<**<************** ******************* ********  Itilli 


*:  V(b) 
♦  :  V«4) 


10/6*1  «*««*«*»  SPICE  26.1  (15OCT60)  «*J»*tn01  ;23:47***»* 
d  Ulili/BllLt  lHVcKTEK  TRh+SIENT  rdnLtSlS 

d«**»  liipul  lISIInG  T EflPtfvrtT ukc  -  27.dd0  DEG  C 

.wldTh  OuT-od 
.uPTlGnS  1TL1-500  ITlCfo 

.ribJEi.  MlUa  MiuS  ^s/TC^lV  7bA-?5f*i  ulfSbb  nSUcfIEIj  lLf0.?uM) 

♦lEvEl-1 

.MODEL  PflUS  PMOS  iUTCf-10  T0a=75HN  ot>=3dd  10808=2. 5E15  LD=B.?J1l 
< LEVEL- 1 
ODD  1  0  DC  50 

hi  5  4  0  8  NCOS  L=5.dU  W=15.0U 
M2  1  4  5  1  PMOS  l=5.0U  W=30.0U 
COUT  5  8  0.1PF 

01N1  4  0  PULSE  <50  00  INS  0NS  0NS  2nS) 

.mi  0.2NS  5NS 

.PLOT  TRPfl  0(4)  0(5)  (00,50) 

.EnD 

l»»*****0b/l0/'84  <**»*««*  SPiCE  26.1  (15OCT80)  «***«*»*iil  :2S:47**t«* 

8  CMuS/BULK  INVERTER  TRANSIENT  a^LYSIS 

6**«<  HOSPET  MODEL  PAfirflETERS  TEMPERATURE  =  27.000  DEG  C 


wos 

PhuS 

dT  JPE 

NluS 

PMOS 

0LEOEL 

1.080 

1.000 

0OTO 

1.000 

-1 .000 

BKP 

2.3dd-05 

1 .300-85 

0CMtt1A 

0.393 

0.020 

0PH1 

0.570 

0.624 

8CJ 

1.02d-d4 

1.010-04 

0TU0 

7.500-08 

7.500-08 

BNSUS 

1.000+15 

2.5dd+15 

blD 

7.00d-87 

7.000-07 

0UO 

500.800 

300.000 

l**»«***tid/ld/ S4  ********  SPILE  26.1  *. JSuClbtM  *********1:23:4?***** 

8  CMOS/bULK  INVERTER  TRrNSlENT  F8*»LTS1S 

«*♦**  initial  transient  solutiun  temperature  =  2?.ddd  deg  c 

#*«**«**  *•*<*«**»**«*  *«•***«  ttt  1**4  *******  tt<t>tt«***«t  *<*!*<*«  ********* 


VOLTAGE 

NODE 

VOLTAGE 

NODE 

VOLTAGE 

5.8888 

<  4) 

S.dddd 

(  5) 

8.8888 

66LTn6t  source  currents 
NAME  current 
VDD  -i.933d-l2 
V1N1  8.  d«8d 

TOTAL  POWER  DISSIPATION  3.4?d-ll  WATTS 
]*******il8/18/84  ********  SPICE  26.1  (150CT88)  *******<1(1:23:47***** 

«  CMOS.' BULK  INVERTER  TRANSIENT  rtttLYSIS 

b«**«  OPERATING  POINT  INFORMATION  TEMPERATURE  -  27.888  0E6  C 

d«i<*it««l«t**t««iitt(N(*HtlHOl«iHHil«HHtti*««*l«t**<Ht***4<IH 

8 

d**«*  MOSFETS 


8 

Ml 

M2 

bMGDEL 

NMOS 

PMOS 

ID 

4.93d-12 

8.  d*  88 

VGS 

5.888 

5.888 

VOS 

8.888 

5.888 

VBS 

8. 

5.888 

l**«****88/l#/64  ********  SPICE  20. 1  <15uCT66)  ********81:23:47***** 

8  CMOS/ BULK  INVERTER  TRANSIENT  ttALYSIS 

d*»*»  TfwiSlENT  *8ALYSIS  TEMPERATURE  =  27,t)88  DEG  C 

8*****  4  «**«**t*****«****«**tt«*t«*t**<***t<*, *********  **********  ******** 


««**»*«»  SPICE  26.1  \150CTbd)  *****»*««!  :12:1b***** 


d  LMui/bULK  2- IN  NrtND  IRritolENT  nPALifSIS 

d»*»*  iNPuT  LISTIN6  TEMPERATURE  -  s?.udd  DE6  C 


.wiOTH  GOT=dd 
.OPTIONS  lTLl=5d0  lTL5=d 

.MODEL  NNUS  NMUS  (0TQ=10  T0X=?5U1  UO=5dd  NSUcfIEIS  LtFtf.?LfU 
»  lEL»EL=  1 

.iTObEL  PMUS  PMOS  (UTu=-10  T0a=?5N1  UO=3tttf  NSu£f2.5£15  LD=0.?UM) 

*lE0EL=1 
'OOO  1  0  DC  50 

Ml  15  4  1  PflOS  L-5.dU  0=10. 0U 
M2  o  5  0  0  NMGS  L=5.flU  0=15.011 
M3  4  7  6  0  filUS  L=5 . UU  0=15. 0U 
M4  1  7  4  1  PMUS  L=5.0U  U=10.OU 
COUT  4  0  0.2PF 

01N1  ?  0  PULSE  (50  00  INS  HNS  0NS  10nS)  A  &  B  pulse  high-low-high 
0IN2  5  0  PULSE  (50  00  INS  dNS  bnS  10NS) 

.TE0V4  INS  20NS 

.PLOT  TRAN  0(7)  0\4)  (d0,50/ 

.EnO 

1  s*******«B/ 1  by t>4  ********  SPICE  26.1  (lSGCTbdl  *t****»*dl :12:18<**** 
d  UIGS/bULK  2~IN  NANO  TRANSIENT  Af'ALl'SiS 

d**»*  MUSFET  MODEL  PARAMETERS  TEMPERATURE  =  2?.00d  0E6  C 

,1********* ******************************* ******************************* 


NMOS 

PMOS 

uTlPE 

M10S 

PMOS 

dLtOEL 

1  .ddd 

1 .000 

0OTO 

1.0D0 

-1.000 

«KP 

2.300-05 

1.360-05 

06h1i1A 

0.396 

0.626 

0PHI 

0.576 

0.624 

0CJ 

1.020-04 

1.61d-04 

0TOX 

7.500-00 

7.500-68 

0NSU6 

1  .000*15 

2.560*15 

dLD 

7.000-07 

7.00d-07 

0UU 

560.000 

360.060 

0-12 


1  «***«*tob/' la/84  ********  SPICE  2G.1  il50CTGB/  ********B1  :12:1G****» 

B  CMOS/dULK  2-IH  NrB«D  TRANSIENT  PaiALYSlS 

*****  INITIhL  TRriiSlEtiT  SOLUTION  TEMPERATURE  =  27. Bab  UEG  C 


ImiiititiimiitiitiimiiiiiiiiiiKtttiiitKHniiitiiittiitiittitiii 


NUDE 

VULTAot 

NODE 

VOlTAjE 

NUDE  VOLTAGE 

NODE 

VOLTAGE 

.  1; 

b.tfiftfd 

4) 

a.aaaa 

<  Si  5.bbbb 

(  6J 

a.aaaa 

(  ?>  S.dBBd 

vtiTnbE  SuURCE  lUkKENTS 
f#*iE  CURRENT 

Vul)  -1.3a7d-Jl 

VIN1  a.  d*BB 

V1N2  a.  d»aa 

TOTAL  PuuEk  DISSIPATION  6.93d-U  WTTS 
I*4*****a&/1B/S4  ********  SPICE  2G.1  (ISOCTOdl  *********1  :i2:18*»*** 
a  CMOS/BULK  2- IN  NrfiO  TRANSIENT  PNiLYSIS 

*****  OPERATING  POINT  INFGftrtSTION  TEMPERATURE  =  27. alia  DEG  C 

b<**  1*4 ««******t ********************************  ****** *******<**•******* 

a 

a****  mospets 


a 

Ml 

M2 

M3 

M4 

bMOOEl 

PMGS 

nmos 

NMOS 

PMOS 

ID 

a.  d*aa 

1.390-11 

1.390-11 

a.  d Hi 

V6S 

S.aaa 

S.aaa 

s.aaa 

S.aaa 

vDS 

5.aaa 

8. Bab 

a. aaa 

s.aaa 

VOS 

s.aaa 

a. 

-a.aaa 

5. aaa 

I******»d8/1B/G4  ********  bPICE  26.1  <150CT8a)  **»»****B1 :12:18***** 

a  CM0S/6ULK  2-1N  RUMD  TRANSIENT  A/iALiSIS 

a****  TfWlSIENT  Af*iLlSlS  TEMPERATURE  =  27. aba  DEG  C 

B ******' ***************************************************************** 
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l*******Bti/18/84  ********  SpIiE  26.1  UjulTbbj  ********»! m :2o»*<** 


6  CJIUSy BUlK  2-lH  t*44D  TRNiSIEKT  mCvsLYSIS 

>>****  input  listing  TEnpe^Tufte  =  27.666  deg  c 

b«*tt***i**t*<it«tttt**«tti<ttt*titti<>ttitt*«t<*t*it**it<<t*ii<tii<t<*4 


.UlDTrt  GUT=ti6 
.OPTICS  1TL1=5«6  JTL5=8 

.MODEL  M1QS  M10S  (0TG=10  TQX=?5M  UG=566  MSU8=1E15  LD=8.7UM> 

♦L£oEL=l 

.MODEL  PMOS  PMOS  (OTfc-lO  TGX=?5NM  DO=3GG  NsU6=2 .5E] 5  L0=8.?0n) 

■*LEVEL=1 
ODD  1  B  DC  50 

hi  1  5  4  1  PMOS  L=5.4U  W=16 .60 
M2  a  5  8  0  M10S  L=5.8U  U=15.6U 
M3  4  7  6  6  NMOS  L=5.8U  U=15.6U 
M4  1  7  4  1  PMOS  L=5.8U  U=18.0U 
CuUT  4  6  8.2PF 

01N1  7  8  PULSE  (50  60  INS  6NS  6NS  18NS)  A  pulses  high-low-high 
01N2  5  6  DC  50  B  remains  high 

.iKriN  INS  26NS 

.PLOT  TfoW  0(7)  0(4)  (80,50) 

■  END 

1 *******68/16/84  ********  SPICE  2G.1  (15GCT88)  »*****»*81 :11 :2a***** 

6  CMOS/BULK  2-lN  NfflD  TRANSIENT  FWiLYSlS 

«<***  huSFET  MODEL  PIETERS  TEMPERATURE  =  27.666  DEG  C 


6 ******** *********************************** **************************** 


NIGS 

PMOS 

8TYPE 

NMOS 

FtlOS 

ttLEOEL 

1.688 

1.886 

60TO 

1.666 

-1.868 

8KP 

2.360-85 

i.38d-65 

6GAMMA 

6.396 

8.626 

6PH1 

8.576 

8.624 

6CJ 

1.62d-64 

1.610-64 

BTOX 

7.58d-88 

7.58d-68 

6NSU8 

1 .68d*15 

2.560*15 

8L0 

7.68d-67 

7.88d-87 

1 *****4*06/1 0/84  ********  SPICE  2G.1  (15GCT60)  *i****»*dl :ll ;26»**** 

t)  CMOS/ EfULK  2- IN  fWiD  TRANSIENT  Af*iLfSlS 

o***»  ihlTJAL  TRANSIENT  SOLUTION  TEMPERATURE  -  27 . BdB  DEG  C 


NODE 

VOLTAGE 

NUDE  VOLTAGE 

NODE  VOLTAGE 

NODE  VOLTAGE 

(  1) 

5.0000 

(  4)  0.0000 

<  5)  5.0000 

<  6)  8.0000 

<  7) 

5.0000 

VOLTAGE  SOURCE  CURRENTS 
f»*lE  CURRENT 
VDD  -I.387d-U 
VIN1  o.  d*oo 

VlH2  o.  d*O0 

TOTAL  POWER  DISSIPATION  S.93d-ll  WATTS 
1 •*****«tf0/ltf/84  ********  SPICE  26.1  (15QCT80)  ********01:11:26***** 

0  CMOS/BULK  2-1N  MND  TRMS1ENT  *«LYS1S 

0*.**  OPERATING  POINT  INFORMATION  TEMPERATURE  =  27.006  DEG  C 

0 4 ************** tit***************************************************** 
0 

0****  MOSFtTS 


0 

Ml 

M2 

MS 

M4 

OM0DEL 

PriOS 

NMUS 

MGS 

PMOS 

10 

e.  d+oe 

1 .390-11 

1.39U-11 

8.  d+OO 

VGS 

5.000 

5.000 

5.000 

5.008 

VDg 

5.000 

0.000 

0 .800 

5.000 

VOS 

5.ooo 

0. 

-O.ooo 

5.800 

|*******«b/lO/84  ********  SPICE  2G.1  U5GCT60)  ********01:11:26***** 

0  CMOS/BuLK  2- IN  NhND  TRANSIENT  AftfLYSIS 

U****  TRANSIENT  ANALYSIS  TEMPERATURE  =  27.000  DEG  C 

a***** ************** ************** *************4**44*** ***************** 


ilLeutNU: 

*:  Vi?) 
»:  VC4) 


8.  d*dd  1.2380*88 


2.5ddd*d0  3.?j0d*00  5.008d*00 


d.  a-Mj« 

c 

J 

dUdat&B 

i 

| 

1.8080-89 

c 

J 

00dO*00 

* 

2.dttdd-d9 

0. 

a*08 

* 

| 

3.dddd-dy 

d. 

d+bb 

f 

h  .  Ubba-d9 

8. 

d+ob 

* 

j 

S.udda-iy 

8 

0*88 

* 

| 

i.dbud-dy 

8. 

0+bd 

4 

7.0080-89 

8. 

0*00 

* 

1 

8.0800-89 

8. 

d*00 

4 

1 

9.8800-09 

8. 

d*88 

4 

i 

1  .dddd-d6 

8. 

d+bb 

4 

l  ,ld8d-0& 

8. 

d+bb 

4 

1.2800-88 

8. 

d*dd 

i 

4 

! .3d0d-88 

5. 

dddd-tdd 

• 

1.4000-88 

5. 

8800*80 

1.5800-08 

5. 

008d*00 

• 

l.addd-08 

5. 

008d*00 

■ 

1.7080-00 

5.800d*08 

t .oddd-08 

5. 

0000*80 

y1 

I.908d-08 

5,0d0d*d0 

♦ 

i 

2.080d-88 

5. 

0B0d*08 

♦ 

l*»»****08/18/84  ********  SPICE  2G.)  (15GCT80)  ********01:89:15***** 


8  CMOS/ BULK  3- IN  HAND  TRANSIENT  tfttLYSlS 

0****  INPUT  LISTING  TEMPERATURE  -  27.ini  0 EG  C 

8*************««****  ******  ********************************  ************** 


.WIDTH  001=80 
.OPTIONS  1TL1=500  1Tl5=0 

.MODEL  NMOS  NMOS  (0TD=10  TG/.=75NM  Uu=5e0  NSu8=l£l5  LD=0.7UM) 

♦LEVELS 

.MODEL  PflOS  PMOS  <OTO=-1U  T0X=75N1  00=300  NSUB=2.5El5  lD=0.7UM) 

*  LtVEL-1 
ODD  I  0  DC  50 

Ml  1  5  4  1  PMOS  L=5.0O  U=1H.0U 
M2  6  5  4  0  NMOS  L=5.0U  W=30.0U 
113  1  7  4  1  PMOS  L=5.0U  W=!0.0U 
M4  8  7  6  0  NMOS  L=5.0l)  W=30.0U 
M5  0  9  »  0  M10S  L=5.0U  U=30.0U 
M6  1  9  4  1  PMOS  L=5.0U  14=10. 0U 
COUT  4  0  0.2PF 

01N1  9  0  PULSE  (50  00  INS  8NS  8NS  10NS1  A,  B,  Sc  C  pulse  high-low-high 

0IN2  7  8  PULSE  (50  00  INS  0NS  0NS  leNSl 

01N3  5  0  PULSE  (50  00  INS  0NS  0NS  10NS) 

.Twi  INS  20NS 

.PLOT  TRFW  0(9)  0(41  (00,50) 

.END 

1 *****4*88/1 0/84  ********  SPICE  20.1  (15OCT80)  ********01:09:15***** 

0  LMGS/BULK  3-IN  NPND  TRtflSlENT  F4WLYS1S 

0**«*  MOSFET  MODEL  PARAMETERS  TEMPERATURE  =  27.000  DEG  C 


J  ******************  *******  ************** *4* *****4***** ********  ********** 


wos 

PMOS 

01/PE 

NMOS 

PMOS 

0LEOEL 

1.000 

1.000 

0OTO 

1.000 

-1.000 

0KP 

2.300-05 

1.38d-05 

OOhutW 

0.390 

8.628 

0PHI 

8 .578 

0.624 

0CJ 

1.020-04 

1.6ld-04 

0TOX 

7.50(1-88 

7.500-08 

onsub 

1.00d*15 

2.500*15 

0LD 

7.00d-87 

7.000-07 

1  ***<***(jtt/ 10/64  ********  SPICE  2u.l  \15uCT80)  ********01 :0y;l5***‘* 


0  QlGS/SULK  3- IN  I*tND  Tiv-<i»S I tf'il  r**}LTSlS 

0***«  IuITIhl  TRANSIENT  Suli/T I Jfi  TEllPtRnTORE  =  DEG  C 


NuGE 

vGlTAGE 

NuUt 

VOLThGc 

node 

UulTaGE 

NODE  VOLTriGE 

:  n 

5.0000 

\  4) 

0.0000 

C  5) 

5.0000 

(  6)  8.8880 

:  ?) 

5.0000 

(  8) 

8.0000 

<  91 

5.0880 

VOLTAGE  SOURCE  CURK£/<T S 
f**lE  CURRENT 
VDD  -2.880d-ll 
V1N1  0.  d'tit) 

UIN2  8.  d-t  Bel 

VIN3  0.  d<00 

TOM  PuUER  DISSIPATION  1.04d-10  WATTS 

1 *******08/18/34  ********  SPICE  2G.1  U5OCT80)  ********01 :09:15***»* 

0  CMuS/BULk  3-IN  (AID  TRANSIENT  *0«IYS1S 

8»***  OPERATING  POINT  INFORMATION  TEMPERATURE  -  27.000  DEG  c 

0 **************************************************************** ******* 
0 

t) ****  flGirETs 


0 

Ml 

M2 

M3 

M4 

M5 

M6 

0MOGEL 

PMOS 

ItlOS 

PMOS 

NMOS 

N1QS 

PMOS 

ID 

0.  0*00 

-2.08(1-11 

8.  0*00 

-2.08d-I) 

-2.08d-ll 

0.  d*00 

UGS 

5.080 

5.808 

5.000 

5.800 

5.880 

5.000 

VDS 

5.880 

-0.008 

5.008 

-0.000 

-0.000 

5.888 

VbS 

5.000 

-8.800 

5.000 

-8.000 

-0.800 

5.800 

] *******1)8/1 0/84  ********  SPICE  2G.1  (15GCT80)  *****«*<B! :09:i5»**** 

8  CMGS/BuLK  3-IN  fW*D  TRhNSIENT  AfALYSJS 

d»***  TRANSIENT  mPhLYSIS  TEMPERATURE  =  27.000  DEG  C 

0***** *********************** ***************************** ****** ******** 


D-20 


iiEotHL): 


*;  V*.  9) 

*:  V'N) 

X 

TIME  v^y) 

a>.*d . .  d.  J+uti  1 .25#d«dd  2,  jddcuda  3.?f,dd**d  j.dnBd*Bd 


d.  d<dd 

5,dddO«dd 

1 

1 .dddd-d9 

5.dddd<dd 

♦ 

s 

2.dddd-d9 

d. 

d»dd 

* 

S.dddd-dV 

d. 

d*d« 

i 

1 

4.dddd-d9 

#, 

d»dd 

5.dddd-d9 

d. 

o'dd 

i 

6.dddd-d9 

i. 

didd 

1 

?.dddd-d9 

d. 

dtdd 

| 

8.dddd-89 

d. 

d<bd 

y.dddd-ay  a.  d*dd  * 

1 .dddd-db  d.  d«dd  f 

l.lddd-db  0.  dtdd  * 

1.2ddd-db  a.  d*0a  * — - 

l.jdda-d8  5.dddd*B8  . 

l.dudd-db  5,dddd+dd  . 


l.iddd-db  j.ddddidd  . 
l.oddd-dfi  5,ddddt«d  . 
l./d8d-d8  5.dddd*8d  .j> 

1 , bddd-d8  5.ddddtdd  j 
1.9ddd-d8  j.dddd<dd  } 

2. dddd-d8  5.dddd«dd  * 


D-21 


l»*«****bb'/lb/84  ttttuti  SHi C£  2G.1  USGCTbd)  **i**«**di ;09:47***<* 
d  ClIUb/'bULK  3-1N  l«id  ThnNblEMT  Mi»-iLi'SlS 

b«*«*  input  listing  te/ipermTure  -  27.au  deg  c 


.WIDTH  GUT-bd 
•OPTIONS  lTLl-5i)d  ITL^d 

•flUUEL  HMDS  NtlGS  (VTLfIU  TGX=?jNI1  U0=5dd  NSUEF1E15  LD=0.?U1) 

♦ LEVEL- 1 

.MODEL  PtlGS  PllGS  <VTCh-1V  T0a-7j(41  UU=3dd  NSU6=2.5ti5  LD=0.7ih) 

♦LEVEL- 1 
VDD  1  B  DC  5Y 

111  I  5  4  1  PtlGS  L=5.0U  uM0.dU 

M2  a  5  4  d  IIIUS  L=5.dU  l*=30.dU 

M3  I  7  4  1  PMOS  L=5.0U  LP10.0U 

M4  8  7  6  0  NMUS  L=5.0U  LP30.0U 

115  d  9  a  0  lilQS  L=5.8U  U=30.8U 

M6  1  9  4  1  PMOS  L=5.0U  LF10.0U 

LOUT  4  0  0.2PF 

V1N1  9  0  PULSE  <5V  00  INS  BUS  0NS  10NS) 

V1M2  7  8  DC  5V 

viN3  5 «  Pulse  «w  av  ins  bns  bns  ionS) 

.TRrfi  INS  20NS 

.plot  tr^i  v< 9)  lmi  (8v,w> 

.end 

1***i»o08/10/84  SPICE  2G.1  <15OCT80J  ********01:09:47***** 

8  CMCS/6ULK  3_ IN  MID  TRANSIENT  rtf*4LTSIS 

0**«*  MGSFET  MODEL  PARAMETERS  TEMPERATURE  =  27.000  DEG  C 


A  &  C  pulse  high-low-high 
B  remains  high 


rariQS 

PMOS 

bT'iPE 

NMUS 

PMGS 

BLEVEL 

1.000 

1.000 

8VT0 

1.000 

-1.000 

8KP 

2.38a-d5 

1.360-05 

dOrt/VlA 

0.396 

0.626 

0pHl 

0.576 

0.624 

0CJ 

1 .82(1-04 

1.81d-84 

0TGX 

7.500-88 

7.50d-dd 

0NSU8 

1 . 00d+ 1 5 

2.58dil5 

8LD 

7.8dd-07 

7.000-07 

BDU 

580.888 

3d8.008 

D-22 


l»*****i<b6/lb/84  ********  SPICE  26.1  UjOCTSi))  ****<***« l :d9:4?***** 

d  CriGS/6(JLK  3- IN  NAMU  TRANSIENT  AfALfSlS 

o**»*  INITIAL  TRANSIENT  SuLl/T  1  ut^i  TEmPERhTURE  -  27.ddd  LEG  C 


NODE 

VOlTmGE 

NUDE 

UOi-TnUE 

NUDE 

UULTA6E 

Uui'E 

vULTAbi 

:  l) 

S.bddb 

(  4) 

a.uditb 

(  5) 

j.bdBb 

(  6) 

d.dddi 

.  7) 

j.dddd 

(  6) 

d.tfBDG 

(  9) 

5.dddd 

UOLTAbt  SOURCE  CURRENTS 


fwi£ 

CURRENT 

UDD 

-2.8880-1 1 

VIN1 

b.  a»dd 

V1H2 

d.  d»ud 

U1N3 

b.  atdd 

TOTAL  PuuER  DISSIPATION 

***»«**»  SPICE  26.1  U5UCT8d)  ***»«**G1 :89;4?<***» 
d  CMUS/BUlK  3- IN  Nrtf'iD  TRhNSIENT  ANALYSIS 

3**0  OPERATING  POINT  INFORmhTIUN  TEMPERATURE  =  27. m  DEG  c 

d 

«»***  iiUSFETS 


d 

Ml 

M2 

M3 

M4 

M5 

MS 

dilUDEL 

PMUS 

tnuS 

PMUS 

WIGS 

wios 

PMUS 

ID 

d.  a'dd 

-2.B80-U 

d,  d*dd 

-2.86d-l 1 

-2.»6d-Il 

8.  d-*80 

V6S 

j.ddd 

5.000 

5.000 

5.000 

5.000 

5.000 

VDS 

5.080 

-0.000 

5.000 

-0 .800 

-0.000 

5.000 

vbs 

j.ddb 

-0 .000 

5.000 

-0.000 

-0 .000 

5.888 

l«*«****d8/ld/84  ****«»«*  SPICE  26.1  (150CT8d)  *****«»*bl :oy;A7****< 

U  CTIU:/8ULR  3-JN  NANO  TRANSIENT  ANAlTSIS 

TRfGlSlENT  rb*4LYblS  TEMPERATURE  =  2?.ddd  DEG  C 


2/1 


AD-A151  822  ANALYSIS  OF  THE  CAPABILITY  TO  EFFECTIVELY  DESIGN 

COMPLEMENTARY  METAL  OX  ID,  .  <U>  RIR  FORCE  INST  OF  TECH 
HRIGHT-PATTERSON  AFB  OH  SCHOOL  OF  ENGI.  .  H  L  MCCONKEV 
UNCLASSIFIED  DEC  84  AFIT/GE/ENQ/84D-44  F/G  9/S  NL 


I«»rn«**0a/10/S4  ********  SPICE  2b.  1  (iSGCTbd)  i*»*«*<01 :10:23***<* 


0  LNGS/bULK  3-1N  IMlD  TRhNSIENT  «*iLYSIS 

t****  iHPUT  LISTING  TtMPERATUKE  =  27.808  OEG  C 

tftlHtltlKNlIttHttittiiiHlittliliiKittttiilHHIilMHHitlHiHiOH 

•Jli/lH  uUl-bd 
.bPTIGNS  ITL1=5#0  ITL5=0 

.MU0EL  NMuS  NlGb  (VT0=1V  TOX=75NH  U&=500  NSU6=1£15  LD=0.?U1) 
ii.£v£i.-l 

.rtGi/EL  friuS  PUGS  <VTG=-1V  TGx=?5W  00=380  NSU&=2.5£15  10=0.7114) 

iLcVtt-1 
VOD  1  0  DC  5V 

Ml  1  5  4  1  PNGS  L=5.0U  U=10.dU 

M2  o  5  4  0  NNGS  L=5.0U  U=30.0U 

M3  1  7  4  1  PttOS  L=5.0U  14=10. 8U 

M4  S  7  6  0  MGS  L=5.0U  U=38.0li 

M5  4  9  a  0  MGS  L=5.0U  14=38. 0U 

116  1  9  4  1  PNGS  L=5.0U  U=18.0U 

CGUT  4  4  0.2PF 

V1N1  9  8  PGLSE  <5V  tfV  INS  8NS  8NS  IdHS)  A  pulses  high-low-high 

vlN2  ?  8  DC  5V  B  &  C  remain  hi^h 

ViN3  D  0  GC  5V 

.  Ihri'l  INS  20NS 

.Plot  TRAN  LN9)  V<4)  (0V, S3) 

.EnD 

1«*»m«<06/18/84  <»«»<«*  SPICE  26.1  <15GCTb8)  **o««*»01 :18:23****< 

0  CMOS/bULK  3-1N  NfflD  TRANSIENT  AfViLYSIS 

0«*o  riGSFET  MODEL  PARMETERS  TEMPERATURE  =  27.000  DEG  C 


M1GS 

PNGS 

0TYPE 

MGS 

PMOS 

0LEv£L 

1.000 

1.000 

0VTG 

1.888 

-1.000 

0KP 

2.30d-d5 

1.36d-05 

dbritVl 

8.396 

0.626 

0PHI 

0.576 

0 .  o24 

0CJ 

1.02d-04 

1. old-04 

8TGX 

?.5dd-0b 

?.50d-88 

UNSU8 

1 ,80dil5 

2.50d+15 

8LD 

7.00d-87 

7.80d-07 

0GO 

508.888 

380.000 

D-25 


l*******68/16/84  ********  SPICE  26.1  U50CT86)  ******«»b] :10:23»**** 

a  CMGS/80LK  3- IN  NAND  TRANSIENT  ANALYSIS 

6»***  INITIAL  TRANSIENT  SOLUTION  TEMPERATURE  =  27.060  DEG  C 


NODE 

VulTAGE 

NODE 

VuLlnbE 

NODE 

VOLTAGE 

NODE  VuLTAbE 

1J 

5.6666 

i  41 

8.6666 

i  5) 

5.6666 

(  6)  6.6886 

7) 

5.6666 

(  8) 

6.6666 

(  9J 

5.6666 

VOLTAGE  SOURCE  CURRENTS 
1W1E  CURRENT 
ODD  -2.680d-ll 
MINI  8.  (Ntlti 

Viii2  6.  d*60 

VJN3  8.  d*00 

TOTAL  PflUER  DISSIPATION  1.84 d-16  NhTTS 

I ********8/16/84  ********  SPICE  26.1  (150CT68)  **<****«6i  :10:23*«<«* 

B  CM0S/8ULK  3-IN  IWyO  TRANSIENT  AMlYSIS 

B****  OPERATING  POINT  INFORMATION  TEMPERATURE  =  27.888  DEG  C 

g<ltt*(*N*<A*««tHN*H«<H«NHi*iiMM*HHiiH««N«ltiHN«t<lii 

6 

6»*«*  MOSFETS 


d 

Ml 

M2 

M3 

M4 

M5 

M6 

6M0DEL 

PMOS 

MlOS 

PMOS 

NMOS 

NMOS 

PMOS 

ID 

6.  d*68 

-2.080-11 

6.  d*86 

-2.08d-U 

-2.08d-ll 

0.  d*60 

VGS 

5.666 

5.066 

5.668 

5.688 

5.606 

5.088 

VDS 

5.666 

-8.866 

5.666 

-6.686 

-0.000 

5.600 

VBS 

5.666 

-8.668 

5.868 

-6.668 

-6.608 

5.660 

l<**t***6b/ 18/84  ********  SPICE  2G.1  05GCT88)  ********61:16:23***** 

8  CMOS/BULK  3- IN  N**B  TRANSIENT  AMLYSIS 

6»*»*  TRANSIENT  ANALYSIS  TEMPERATURE  =  27.666  DEG  C 

4 4  44 444444 44  ft  44144*4 4  4 *4444444444444444444444*4144 4*444444444444 «44*4«44 


£  HE  HE  HE 


Figure  D-5.  4-Input  NAND  Gate 
a)  schematic  b)  CLL  plot 


14****4*66/10/84  ********  SPICE  26.1  (15GCT80J  ********61:17:12***** 


6  CH0S/6ULK  4-XN  MND  TRANSIENT  AWLYS1S 

»**»*  INPUT  LI  ST  11(6  TEMPERATURE  =  27.666  DEG  C 


6***4 ***************** ************************************************** 


.UIDTH  0111=66 
.OPTIONS  1TL1=568  1TL5=0 

.HOOEL  NMOS  NMOS  (0T0=10  TGa=75nM  00=566  HSU6=1E15  LD=6.7UM) 

♦LE0£L=1 

.MODEL  PNOS  PMOS  (0TD=-10  TGX=?5NM  UU=368  NS08=2.5£15  L0=8.?ilil 

♦l£o£L=1 

OOO  1  8  DC  5V 

Ml  1  5  4  1  PMOS  L=5.6U  U=16.6U 
M2  0  5  4  6  MOS  L=5.8U  W=3?.5U 
M3  8  7  6  6  fflOS  L=5.6U  14=37. 5U 
M4  1  7  4  1  PMOS  L=5.8U  U=10.0U 
M5  1  9  4  1  PMOS  L=5.6U  U=10.6U 
Mo  10  9  8  0  t<10S  L=5.6U  14=37. 5U 
M7  1  11  4  1  PMOS  L=5.6U  U=10.0U 
M8  6  11  10  0  NMOS  L=5.0U  U=37.5U 
COUT  4  6  6.2PF 

OiNl  11  0  PULSE  (50  60  INS  oNS  6NS  16NS)  A-D  pulse  high-low-hi^ 
01N2  9  6  PULSE  (50  60  INS  6NS  BUS  16NS) 

01N3  7  6  PULSE  (50  80  INS  0NS  6NS  IONS) 

01N4  5  0  PULSE  (50  60  INS  8NS  8NS  16NS) 

JRFfl  INS  20NS 

.PLOT  TRAN  0(11)  0(4)  (00,50) 

.END 

l*«**«**86/10/84  ********  SPICE  26.1  (150CT68)  ********01:17:12***** 

6  CMOS/fiULK  4- IN  W(D  Tfo%*SI04T  ANALYSIS 

a****  NOSFET  MODEL  PARAMETERS  TEMPERATURE  =  27.000  DEO  C 


a*»»4************i******** ******** *«*•***•*********«**<** *************** 


I01OS 

PMOS 

BTtPE 

NMOS 

PMOS 

ulEOEL 

1.000 

1.000 

0OTO 

1.000 

-1 .000 

6KP 

2.360-85 

1 .8&d-05 

06r*t1A 

0.390 

8.626 

0PH1 

8.576 

8.624 

6CJ 

1 .02d-04 

1.610-04 

0TOX 

7.58(3-08 

7,50d-08 

0NSU6 

1 .88d->  15 

2.560*15 

6LD 

7.660-07 

7.000-07 

0UO 

500.860 

300.000 

l*»**«**0B/18/64  ********  SPICE  2G.1  (15OCT80)  *t*t**t*b\ :17:12***** 

0  OltiS/BULK  4-1N  IW1D  TIWdSlEfdT  MALYS1S 

ui**»  INIT iiiL  TRnloiENT  SOLUTION  TEMPERATURE  =  2? . ttbtf  BEG  C 


B*** ***********************  *  *************  ******************************* 


NODE 

vOlThOE 

NODE 

vGiTAoE 

NODE 

VOLTAGE 

NODE 

VOLTAGE 

<  1J 

5.8888 

(  4; 

8.8800 

<  5) 

5.8880 

(  i) 

0.0888 

(  7) 

5.8888 

(  6) 

8.8088 

<  V) 

5.8080 

<  10) 

8.8888 

(  111  5. tfodu 

volthoe  source  currents 

IWlE  CURRENT 

VDD  -2.773d-ll 

vim  e.  dme 

U1N2  a,  d*80 

V1N3  8.  d*B8 

V1N4  8.  d«88 

TOTAL  POWER  DISSIPATION  1.3Sd-10  WATTS 
l***«***B8/10/84  ********  SPICE  26.1  (15GCTB0)  ********81:17:12***** 

8  CMOS/BULK  4- IN  NMD  TRMSIENT  ANALYSIS 

«**»*  OPERATING  POINT  INFORM  ION  TEMPERATURE  =  27.888  BEG  C 


8*******************4*************«****«** ********** ************ «***«*«* 
8 

8****  MGSFETS 


0 

Ml 

M2 

M3 

M4 

M5 

MB 

M7 

8MG0EL 

PMOS 

MGS 

NIGS 

PMOS 

PMOS 

MGS 

PMOS 

ID 

8.  di00 

-2.740-11 

-2.740-11 

8.  d *00 

8.  d  *00 

-2.77d-ll 

0.  0*00 

VOS 

5.088 

5.000 

5.088 

5.880 

5.880 

5.000 

5.880 

VDS 

5.880 

-8.800 

-8.000 

5.888 

5.808 

-8.000 

5.080 

V&S 

5.880 

-8.880 

-8.008 

5.000 

5.888 

-0.888 

5.000 

8 

MB 

bMOOEL 

ItlOS 

ID 

-2.770-11 

VOS 

5.880 

VDS 

-0.088 

VBS 

-8.880 

1******«86/18284  ********  SPICE  2G.1  U5OCT80)  ********81:17:12***** 


8  CMOS/BULK  4- IN  IW4D  TRANSIENT  A0W.TS1S 

»**»*  TRANSIENT  ANALYSIS  TEMPERATURE  =  27.088  DEG  C 

8 »** *»**»i******t4*t*»«***»*****« *»***«*♦»*** *«*«*******♦** ****«t ******* 

u-30 


dlEuEND: 


i 

i 


u 


*:  V(ll) 

V<4> 

X 

TIME  VU1) 

X(**j .  u .  d*tiii  1  .dtbd«ab  2.50dd*8B  3.?j0d<0B  5.BB0d«d0 


0.  d«0d 
1  .i>dud-09 
2.000d-09 
3.0ddd-09 

4. dd0d-09 

5. dd0d-09 
a.ddbd-69 
?.000d-09 
8.0ddd-09 
9.000d-09 

1 .  (jaud-tf  a 
l.lbbd-88 
l.idtfd'08 
1 .3d0d-B8 
1.400d-08 
1 .5tftfd'08 
1 .dbbd-b8 
l.?0dd-0b 

1 .  Bddd-88 
1 .90dd-0b 

2. dddd-db 


5,Bdtid<BU 
5.000d»00 
■1 .388d-l? 
B.  d«00 
0.  d<00 

0.  d<00 

0.  d«d0 
d«0d 
d*00 
d«00 
d-*80 
d<0d 
0.  d«08 

3.dd8dib0 
5.0d0d*dd 
5.0ddd«0B 
5.d00d*dd 
j.Bbbdtdd 

5.000d*B0 

5.0000400 

5.dd0d*dd 


J *******08/10/84  ********  SPICE  2b. 1  (15OCTS0)  ***»**<*0i:i6:3l***** 


0  BlOS/bULK  4-IN  WND  IRhASIENT  rf^LTSlS 

it***  INPUT  LISTING  TBlPERATbRE  -  27.000  DEG  C 

t)**t  ******  *********** ******** *****************  *******  1*4 ***********  ***** 

.wJDTH  OUT=S0 
.OPTICS  ITLl=5bd  ITL5=tf 

.model  nmos  wos  Mfciv  iux=75tit  bo=5«0  nsob=ie;5  lo=b.?ui> 

*LEUEL=1 

.MuDtL  PMOS  PrlOS  <V70=-10  TOA-?5f*M  00=600  NSUB=2.5El5  Lb= «l.?brt> 

*L£OEL=l 
VbD  1  0  DC  5V 

111  15  4  1  PMOS  L=5.0U  U=1 0 .0U 
M2  o  5  4  b  NMOS  L=5.UU  W=3?.5U 
M3  B  7  6  0  NMOS  L=5.0U  U=37.5U 
M4  1  7  4  1  MlOS  L=5.0O  U=10.0U 
M5  3  9  4  1  PMOS  L=5.0U  OF1B.0U 
Mb  10  9  8  0  NMOS  L=5.0U  U=3?.5U 
M7  11141  PMOS  L=5.0U  U=10.0U 
Mb  b  II  10  0  NMOS  L=5.0U  U=37.5U 
CubI  4  0  0.2PF 

V/1N1  11  0  PULSE  (5 V  0U  INS  0NS  bNS  10NS)  A-C  pulse  hi^h-low-hi^h 

V1N2  9  0  Pulse  <5U  INS  dNS  BNS  I0NS)  p  remains  hi^h 

V1N3  7  0  PULSE  <5U  »U  INS  0NS  0NS  ltfNSl 

V1N4  5  0  DC  5V 

.7M1  INS  20NS 

.PLOT  TRFfi  V(ll)  V(4)  (4V.5U) 

.EnD 

l***«»**08/l0/64  ********  SPICE  2G.1  (15OCT80)  ********01:16:31***** 

0  CMOS/ BulK  4- In  NMD  TRANSIENT  AfAiYSlS 

0»***  MUSFET  MODEL  PhkhMETERS  TEMPERATURE  =  27.0b0  DEG  C 

))<*(«** ****<*<******* t*tt<**<tt«**t*t****t<**<***4*i*t «<**<«*****«*****< 


MiOS 

PMOS 

0TYPE 

NMOS 

PMOS 

0LEUEL 

1.000 

1.000 

0VTO 

1.000 

-1.000 

0KP 

2.300-05 

1.380-05 

BGrfiMA 

0.396 

0.626 

0PH1 

0.576 

0.b24 

0CJ 

1.020-04 

1. olO-04 

BT  OX 

7.500-08 

7.500-08 

unSub 

1.000*15 

2.500*15 

0lD 

7.000-07 

7.000-07 

1»*«»***08/10/G4  *»***»*<  SPICE  26.1  < l50CT8d>  «**»**«*nl :  16:31  ***** 

6  CMOS/GUlK  4-JN  NANI)  TKiNSIENT  r0*iLYSlS 

0**»*  INITIAL  TRANSIENT  SOLUTION  TEMPERATURE  -  27.6b#  DEG  C 

jmiiHttiiiiiitttimmtttiixiiiimiittiitiiiiititiitiiittnitittti 


NuDE 

VU L.  InGt 

NODE 

VGlThGE 

NuDE 

VOLTnGE 

NODE 

vOlTaGE 

,  1) 

5.1)000 

(  4) 

6.0000 

(  5) 

5.6660 

(  6) 

6.8600 

;  ?) 

0.0000 

(  8) 

6.0000 

(  9) 

5.0000 

<  10) 

0.8000 

(11)  5.#tfd# 

VOLTAGE  SOURCE  CURRENT  S 

FAME  CURRENT 

VDD  -2. 773d- 11 
V1N1  6.  d*00 

V1N2  6.  d*B0 

VJN3  #.  d*00 

V1N4  0.  d*00 

TUTAl  POwER  DISSIPATION  I.39d-18  WTTS 
l»«**o«08/10/84  <*»«***  SPICt  26.1  (15QCT66)  ****t*ml:i6;3i*n** 

«  CM6S/6ULK  4- IN  IWlD  TRANSIENT  A*ilY$IS 

d«*«*  OPERATING  POINT  INFORMATION  TEMPERATURE  =  27.086  DEG  C 

lllAIAHAAIHttlKHHtAMIAtHitiHAHXHAtKAHHHAHMiit 

6 

ii**»  MOSFETS 


0 

Ml 

M2 

M3 

M4 

M5 

N6 

M7 

btiuJcL 

PMUS 

NMOS 

WIGS 

PMUS 

PNGS 

M10S 

ID 

8.  a*68 

-2.74d-ll  - 

2.74d-ll 

8.  d<00 

0.  d<00 

-2.77d-!l 

8.  d+00 

V6S 

5.800 

5.000 

5.000 

5.000 

5.866 

5.660 

5.000 

VDS 

5.000 

-0.000 

-0.000 

5.080 

5.660 

-0.000 

5.000 

vbS 

5.808 

-8.000 

-0.000 

5.808 

5.008 

-6.000 

5.000 

d  M6 

bfluOtl  MGS 

ID  -2.77d-ll 

V6S  5.8#0 

VDS  -0.#00 

VBS  -0.0#0 

:*«*«**t#b/10/84  ********  SPICE  26.1  (15OCT80)  «****«*81  :U:31***«* 

0  CMOS/ BULK  4-1N  t«lD  TRANSIENT  tf*iLYSlS 

d**»*  TRANSIENT  ANALYSIS  TEMPERATURE  =  27.000  DEG  C 


giXAKAItlAHHHXOOIXtllHlIHOliAAIAlHIlHHXXMAHXI 


dLLotND: 

*:  Wll) 

t;  W4) 


t).  Qit)b 


1 .25ifO*b0 


2.'BBd*BB  3 . ? j«jQ-*dk>  5. 


8.  d»B0 

j.BBBd'BB 

t 

1  .BBBd-89 

5.BBBd*B0 

♦ 

2.1)888-89 

8. 

d*B0 

« 

3 .  dttdd-ttV 

B. 

d*B8 

i 

4.b<i»d-b9 

B. 

d«8d 

* 

• 

5. BBBd-89 

8. 

d*0B 

1 

* 

6,dddd-l)9 

U. 

d*88 

* 

| 

?.bbbo-b9 

B. 

dtBB 

i 

s.abod-09 

8. 

d«88 

4 

9.bbbo-89 

8. 

d«88 

1 

« 

1 

1  .bbbo-88 

8. 

d+88 

1 

* 

1 .Iddd-Btf 

8. 

d«88 

* 

1 .28Bd-B8 

8. 

d*88 

* 

1 .3«t)d-bd 

5.0B0d*08 

1  .•iddd-dB 

5.BBBd*80 

1 . jBBd-88 

5.80B(H88 

I .ou»a-0d 

j.0BBd*08 

l.?88d-B8 

5.0BBd’BB 

/ 

4 

1  .buca-BS 

5.BBBdidB 

1 ,9ttda-»8 

5.BBBd»BB 

4 

1 

2.BBBO-BB 

j.8BBd*BB 

4 

1  *******08/10/8-1  »**«*«««  SPICE  26.1  (lSOCTbd)  «***tit«i)l  ;1S:45****» 


d  CMOS/bULK  4-iN  fWW  TRANSIENT  Hl'nLfSiS 

i**tt  INPUT  LISTInO  TEMPERATURE  =  27. ddd  DE 6  C 


tJ****«*****t4*t4*4*4*t***«*4«*t4**««t*ftt4*ti***4t«*4tS**i******i*t44X4ft* 


.WIDTH  uUT-P« 

.upTIOnS  '  .i=5dd  ITl 

. MODEL  HmjS  MGS  <VT&=1V  T(m=75M1  U0=5d#  NbU6=lE15 
■•LEUEl^I 

.model  Pfius  PMus  (OTD=-10  ;Oa-?UH  UD=3dd  N$u6=2.5£l5  UML7U1) 
t LEvEL-1 
Vi/D  1  d  DC  50 

Ml  I  5  4  1  PMUS  0=5.00  LFlb.00 
M2  a  5  4  0  MGS  L-5.8U  U='3?.5U 
Hi  8  7  0  0  MlOS  L=5.0U  W=37.5U 
M4  1  7  4  1  PMOS  L— 5 .0U  W=ld.0U 

M5  1  9  4  1  PMGS  L=5.0U  U=10.0U 

lia  lb  y  8  0  MOS  L=5.0U  k=3?.5U 
M7  1114  1  PMUS  L=5.dU  lOMd.dU 
Mb  d  11  Id  d  MGS  1=5. 0U  U=37.5U 
COUT  4  d  0.2PF 

V INI  11  0  PuLSE  (50  00  INS  dNS  bus  ldNS)  A  &  B  pulae  high-low-high 

OIM2  9  a  PULSE  (50  00  INS  tfNS  0N$  1  dub.1  C  &  D  remain  high 

01N3  7  i)  DC  50 

01N4  5  0  DC  50 

.(kmN  IMS  2dNS 

.plot  tran  ouu  0(4)  .00,50) 

.END 

1 **»««<* d 8/ 1 d/ 64  «»«*»**<  SPICE  26.1  (15QCT80)  ***<***»dl ;15;45***«* 


d  CMOS/BULK  4- IN  NANO  TRANSIENT  AfRRLTSiS 


•***  MuaFET  MODEL  PAKrtiETERS  TEMPERATURE  =  27.000  DE6  C 

tjjt*********t*4t4*****X****«*X«*«**444t«*it**4tit4*t«*««**444****t***«*44« 


mgs 

PHuS 

dTiPE 

MGS 

PMUS 

dlEOEL 

1.000 

1  .ddd 

dOTO 

1  .ddd 

-1.000 

dKP 

2.3dd-05 

1.38d-05 

dbPrtVi 

0.390 

0.020 

dPHl 

0.570 

0.a24 

dCJ 

1.02d-04 

1. Old-04 

dTOX 

7.5dd-db 

7.5dd-d8 

dNSOb' 

1.08d«l5 

2.5dd*l5 

OLD 

7.ddd-07 

7.00d-0? 

l*«it**«it8/iB/G4  ttuttt*  SPICE  2b. 1  USGCibB)  *»*«»«**B1  :15:4j»»*i* 


B  CMOS/bULK  4- IN  f*B'(0  IKhNjIEnT  i-hAlIOIS 

b«««*  INITIAL  TRANSIENT  SuL UT 1  UN  TEnP£i\r*TURt  -  27.BBB  DEG  C 


node 

VOLTAGE 

NODE 

VuLTnGE 

MuDE 

VULTmuE 

NODE 

VOLTmGE 

;  l  > 

j.bbbb 

\  4) 

b.bbbB 

<  5) 

J.BBBB 

<  6) 

B  .BBBB 

;  7) 

J.BBBB 

•.  b) 

d.BBBd 

(  it 

S.bbbb 

<  IB) 

B.bbbB 

(  11;  j.BBBB 

VOLTAGE  SOuiuE  CUKrvtfi  I S 


NmME 

CURRENT 

ODD 

-2.7730-11 

V1N1 

B. 

d«B8 

ViN2 

B. 

d+BB 

V1N3 

8. 

d«BB 

ViN4 

B. 

dNB 

TOTAL  PwER  DISSIPATION  1 .3yd-lB  WATTS 
l«*«****Bb/l#/ti4  ♦«*«****  SPICE  26.1  (lSOCTSB)  ***o***Bj : J 5:45***** 

B  Ci'iUh/bULK  4-iN  IWID  TiOiliilENT  Hf+iLUjlS 

B*»««  OPEAhT  1N6  POINT  INFOkmaTION  TEMPERATURE  =  27.BBB  DlG  C 


d 

B4*»*  tlOSFETS 


B 

Ml 

M2 

M3 

M4 

M5 

Mb 

M? 

BflOOEL 

PMOS 

NflOS 

NMOS 

PMOS 

PMOS 

W10S 

PMOS 

ID 

B.  d+f«  -2.740-11 

-2.74d-ll 

B.  d«BB 

B.  dNB  -2.77d-ll 

B.  d«BB 

vbs 

5. BBS 

j.BBB 

5.BBB 

j.BBB 

j.BBB 

5.BBB 

5.BBB 

VOS 

5.bbu 

-b.BbB 

-b.bbb 

5.BBB 

j.BBB 

-B.BBB 

j.bdd 

VbS 

j.BBB 

-B.BbB 

-B.bbb 

S.Bbb 

5.BBB 

-B.BtB 

5. BBS 

B  ilb 

dtlGOEL  NflOS 

10  -2.7?d-ll 

VuS  5.BBB 

VoS  -b.bbb 

VbS  -B.BBB 

ln*«*«»*Bt(/lB/b4  ********  SPICE  2G.1  (IjOCTSb)  **»t*«*Bl  :15:45*<*o 

B  CMGS/OOlK  4- IN  TRANSIENT  AWLTS1S 

u«m*  TRANS  1  ENT  h(*iLiSIS  TEmPERhTURE  -  2?.bBb  DEG  C 


u-jo 


1  ********  SPICE  26.1  (150CT88)  tuambl :  1 4 : 26* *** * 


8  CNGS/SULK  4*lN  NrNO  TRANSIENT  rdALYSlS 

INPUT  LISTING  TEMPERATURE  =  27.8u8  DEG  C 

gHIXtKHtlHOIKUItXlttttlHtlltttllHtOttinitlttdlttlllliXtll 


.UIDTh  0UT=S» 

.OPTIONS  1TL1=588  2TlS=6 

.MODEL  tflOS  NMOS  (VTfclV  T0X575NM  uO=5iB  MSU6=1E15  LTfB.TUM) 

♦ LEVEL5 1 

.MODEL  PMOS  PMOS  IVTOf-IV  T0X575NM  Ufr=388  NSUe52.5El5  LD=8. 7J1) 

♦LEVEL5! 

VDD  1  B  DC  5V 

Ml  1  5  4  1  PMOS  L=5. 80  LFld.BU 
M2  6  5  4  6  NNOS  L55.dU  U=3?.5U 
M3  6  7  6  8  NMOS  L55.8U  U=37.5U 
M4  1  7  4  1  PMOS  L55.8U  W=18.8U 

(15  1  9  4  1  PMOS  L=5.8U  W=)8.8U 

MG  It)  9  8  8  WOS  L55.dU  U=3?.5U 
M7  1  11  4  1  PMOS  L=5.8U  LFlB.BU 
MO  d  11  18  8  ttlOS  L55.dU  1^37.50 
LOUT  4  8  8.2PF 

V1N1  11  8  PULSE  15V  BV  INS  8NS  dNS  18NS)  A  pulses  high-low-hi^h 
VIN2  9  d  DC  5V  B,  C,  &  D  remain  high 

VJN3  7  B  DC  5V 

V1N4  5  8  DC  5V 

.TRAN  INS  2BNS 

.PLOT  im  V(1 1)  V(4)  (BV.5V) 

.END 

l»».*ii#86/18/b4  ********  SPICE  26.1  ilSGCTSdl  *«m«*81  :14:28*»*** 

d  CMOS/bULK  4-IN  NAND  TRANSIENT  rdtilYSlS 

»**»«  MOSFET  MODEL  PARAMETERS  TEMPERATURE  =  27.8B8  DEG  C 


NmGS 

PMOS 

8TYPE 

NMOS 

PMOS 

dLEVEL 

l.dBB 

l.dBB 

BvTO 

l.ddB 

-1.BB8 

dhP 

2.3Bd-B5 

1.38d-85 

8  WT1A 

8.396 

8.626 

BPHI 

8.576 

8.624 

BCJ 

1 .82(3-84 

1.6ld-84 

BTOa 

7.5dd-88 

7.58d-88 

bnSUo 

1.88d«l5 

2.58d*15 

BlD 

7.88d-87 

7.8Bd-B7 

ttttttn  SPIC£  26.1  U5OCT80)  :l4:2b<***» 

4  CMOS/BUlK  4-1N  1*0)0  TfaMSIEHT  tftfuSIS 

0*«‘*  INITIAL  TRANSIENT  SOLUTION  TEMPEftATUftE  =  27.480  DEG  C 


NOuE 

VOLTAGE 

NODE 

VOLTnGE 

node 

VOLTAGE 

NODE 

VOLTAGE 

1) 

5.0000 

(  4) 

8.0000 

(  5) 

5.0088 

(  6) 

0.8888 

7) 

5.0000 

(  6) 

0.0000 

<  9) 

5.0888 

<  10) 

8.0000 

)  11)  5  .Utltlki 

VOLTAGE  SOURCE  CURRENTS 

NAME  CURRENT 

VDO  -2.7?3d-ll 
V1H1  o.  d*of) 

V1N2  8.  d*0B 

V1N3  0.  d*00 

V1N4  0.  d<08 

TOTAL  POWER  DISSIPATION  1.3M-10  WATTS 
l***««*<8o/ 10/84  «»****»*  SPICE  26.1  (I5OCT80)  ***<0**01 :14:28**««* 

«  CNOS/BulK  4- IN  NANO  TKMSJENT  ANALYSIS 

4****  OPERATING  POINT  INFORMATION  TEMPERATURE  =  27.000  DEG  C 


DtttttitttHOtlHtlOtttUlIlKItHtOtlOHKHXKOHOtiHHtliHiXi 

0 

8o**  iiOSFETS 


0 

Ml 

M2 

M3 

M4 

M5 

MS 

M7 

BMODEl 

PMOS 

muS 

mos 

mus 

PMOS 

NMOS 

PMOS 

ID 

0.  0*00 

-2.740-11 

-2.740-11 

8.  d«88 

8.  d*88 

-2.770-11 

8.  d+80 

Vuj 

5.000 

5.000 

5.000 

5.000 

5.000 

5.800 

5.000 

VDb 

5.000 

-8.000 

-0.880 

5.800 

5.000 

-8.008 

5.000 

VbS 

5.000 

-0.000 

-8.000 

5.088 

5.000 

-8.000 

5.080 

0  MB 

4MU  OEl  NMOS 

ID  -2.770-11 

VOS  5.000 

VDS  -0,800 

VbS  -0.800 

1  *******08/10/84  ********  SPICE  26  1  <15uCT80)  *<***«**0| :14:2B**«* 

0  CMOS/BUlK  4-1N  f*0«D  TMSIENT  AWtYSJS 

0‘**»  TRANSIENT  analysis  TEMPERATURE  =  27.000  DEO  C 


bl£6£Ni>: 


<:  Wli) 
♦  :  vMi 


1.25bd*b8  2.500d«bb  3.7j0d<8b  5.b80d«00 


d.  O'lll) 

j.OdOd^BB 

♦ 

| 

l.Bbbd-09 

j.Bddd«BB 

1 

2.0BBd-89 

0. 

cbb 

t  • 

| 

3.B88d-09 

0. 

d+»0 

1 

4 .bddd-d9 

0. 

d«88 

ft 

5.8bBd-09 

0. 

d«80 

ft 

1 

6.08bd-09 

0. 

d*80 

ft 

l 

?.000d-09 

8. 

d«80 

* 

8.00Bd-09 

0. 

Q*0B 

ft 

1 

9.00bd-89 

0. 

d«00 

ft 

1.00Bd-b8 

8. 

d«88 

ft 

I 

1 .  lBbd-08 

0. 

d*08 

ft 

1.280d-88 

0. 

d«80 

ft 

l,3BBd-B8 

5.00Bd«0B 

« 

1.4BBd-88 

5.0B0d«80 

• 

1 .  jbBd-BS 

5.0B0d<00 

• 

1 .6BBd-B8 

5.000d+B0 

l.?0bd-08 

5.80Bd»80 

/ 

1.8Bbd-B8 

5.0B0d»00 

ft 

i 

1.9B0d-08 

5.800d«80 

\ 

i 

2.0BBd-88 

5.000d«80 

i 

ft 

1  ******* B 8/ 1 Id/ 84  ttthtttt  SPICE  2G.1  ■.  1 5uCT cid >  tmttttdl  :4?:2?**»*+ 


l!  Q'lGS/EbLK  2"lN  MGR  TRnnSifcitT  rdni-liiS 

»»**»  INPUT  LISTING  TtMPERnTuRE  =  21  .Hi  LEG  C 

.WIDTH  ulfi=8d 
.OPTICUS  JTU=50tf  ITLS^H 

•MODEL  M1GS  IllGS  \VTG=lV  7ua=?Gm1  GLpjtm  MSUGME15  LO=B.?LH/ 

*l£GEL-1 

.MODEL  HlGS  PHGS  (VTCf-IV  TGa=?5M1  Ufcidd  HbUt>=2.5£l5  lD=0.7UM) 

UEVEL-l 
VOD  1  8  DC  5V 

Ml  tf  5  4  U  M10S  L=5.dU  W=i.0U 
M2  7  6  1  1  PtIGS  L=5.0U  w^2?.5U 
M3  4  5  7  1  PNGS  L=5.0U  U=27.5(J 
M4  8  6  4  8  WU3  1=5.81)  U=5.dl) 

COUI  4  8  0.2PF 

V1N1  6  8  Pulse  <bv  5V  INS  BNS  bnS  UN$)  a  &  B  pulse  low-high-low 
V1N2  5  8  PULSE  (8V  5V  INS  tftS  8NS  1 BNS  J 
.TiwH  INS  2«NS 

.PLOT  TRPfl  V<6)  V<4)  <BV,5V> 

.EnG 
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0  CMOS/BUlK  2-1N  NUR  TRANSIENT  ANALYSIS 

»**♦*  INITIAL  TRANSIENT  SOLUTION  TEMPERATURE  =  27.01)0  DEO  C 
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0  CM0S/6ULK  2-1H  NOR  TRANSIENT  WALYSIS 

(****  OPERATING  POINT  INFORMATION  TEMPERATURE  =  27.000  DEG  C 
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0  CMOS/BULK  2~1N  NOR  T hr»4Si £f4T  ANALYSIS 

0****  INPuT  LISTING  TEMPERATURE  =  27. BUB  DEG  C 

IjHltlimlltlltHiHOKIIKIIIHItMKMOOltltHltltOiKtlKItllitK 


•WIDTH  QUT=b0 
.OPTIONS  ITLl-Sao  1TlS-» 

.MODEL  NMOS  NMOS  (OTO=1U  TQa=75NM  00=500  NSU&=1£15  LD=0.7Dri) 

*L£OEL=l 

.MODEL  PMuS  PtlOS  (OTO=-10  T0a=?5(<1  ULt=3tlB  NSu6=2.5El5  lD=6.?UN> 
»LE0EL=1 
ODD  1  0  DC  50 

Ml  0  5  4  0  NMOS  L=5.0U  W=5.0U 

(12  7  6  1  1  PMOS  L=5.0U  U=27.5U 

M3  4  5  7  1  PMOS  L=5.0U  W=27.5U 

M4  8  6  4  0  NMOS  L=5.0U  U=5.0U 

COUT  4  0  0.2PF 

01N1  6  0  PDlSE  (0V  50  INS  0NS  0NS  IbNS) 

01(42  5  0  DC  00 
.TRAN  INS  20NS 

.PLOT  TRAN  0(61  0(4)  (00,501 
.END 

l«*»io«06/l0/84  ********  SPICE  20. 1  (15OCT601  «***»«*«01  ;48:02****« 
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B  remains  low 
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0  iMUS/BULR  DGuBLE  BUFFER  TRtVlbiEMT  rdmLtSlS 

0****  INPUT  LISTING  TEMPERATURE  =  27. iia  DEG  C 

tf  *  ***  *  tt  ********  *4«**t**t4****  ******  ************************************ 


.WIDTH  UbT-bd 
.OPTliiiS  iTLl-500  ITLfFtJ 

.MODEL  NHuS  cHOS  (VffclV  T0a-75NM  UTf500  NSOEfIEIj  LD=0.7UH) 

♦LEVEL- 1 

.MUOEL  PUGS  PUGS  <1DI0=-1V  TU/,-7tW1  00=300  NSUb=2.5El 5  LD=0.7url) 

*  LEVEL- 1 
VGD  1  0  DC  5V 

Ml  5  4  a  0  IflGS  L=5.aU  U=47.5U 

M2  6  5  0  0  NMOS  L=5.0U  W=125.0O 

M3  a  5  1  1  PMOS  L=5 .0U  14=156. 3U 

M4  1  5  6  1  PtluS  L=5.0U  U=156.3U 

M5  1  4  5  1  PMGS  L=5.0U  U=l25.0U 

CUUT  o  0  0.2PF 

VJN1  4  0  PULSE  idV  50  INS  0HS  0NS  2HS) 

.Tfon  0.2NS  5ns 

.Plot  TKmN  V(4l  V<6i  <0V,5<7) 

.Eng 
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0  CMGS/BulK  DOUBLE  BUFFER  TRANSIENT  AnALfSIS 

a**««  MUSFET  MODEL  PARAMETERS  TEhPERaTuRE  =  27.000  DEG  C 
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Appendix  E. 


CIFPLOTS  of  Group  1  Pads 


Presented  are  the  CIFPLOTS  for  the  Group  1  pads  that 
are  available  for  CMOS/BULK  design  work.  All  units  shown 
in  the  figures  are  in  lambda  (L) .  The  coordinates  for  the 
Vdd  and  GND  buses  are  not  given  because  they  are  not 
necessary  for  any  design  work.  The  pad  frames  should  be 
used . 

A  description  of  the  CIF  layer  names  is  as  follows: 


CLL  Layer  CIF  Layer 


poly 

UP 

metal 

UM 

diff 

UD 

contact 

UC 

glass 

UG 

pwel  1 

UPW 

nwe  1 1 

UNW 

Pplug 

UPP 

nplug 

UNP 

___ 

XP 

A  more  complete  description  of  the  different  layers 


can  be  found  on  page  1 1 1-5  of  chapter  III  of  this  thesis. 
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Figure  E-6,  padlbin_ttl 
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Figure  E-8.  padlout  ttl 
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Appendix  F.  CMOS/BULK  Cell  Library 


Presented  is  a  listing  of  the  file  "c_ext.cll"  which 
shows  the  available  cells  in  the  CMOS/BULK  library 
"libc.lib" .  To  use  the  library,  the  designer  must  include 
tlie  following  line  in  the  ".ell"  file: 

#incl ude  " /usr/ local /cad/ lib/ bane/ c_ext . cl  1 " 

To  invoke  the  library,  the  -1  option  must  be  used  in 
tlie  BANE  command  line  as  follows: 


bane  -v  emos  -1  c  .  . 


«  i  tndet  ST r-iNC'i-iRD—L  I  bKriR  i  _D£r  1  NtO 
(tcltt  i  fie  b  I i-i/ JL'i-iRD—L  1  BkhKi  DEFINE L> 

e  .■ .  t  lj  r  n  -v  i  8  nor  tbu  _> i  d  *.  c  i  t  81  8  bounds  U  ,  U  4u  ,  8U  ) 

e  t  f  r  n  a  i  padluiit  v  c  i  +  bit-  bounds  0,u  jidu  ,  **40  ) 

external  p*dl  i  n  (cit  Sly  bounds  u,u  Sow  ,  *48  » 
external  padlDin  (cit  S22  bounds  u  ,  u  300,*40) 
e .  ter  n  a  1  p  ad  1  do  c  i  t  o  8  8  bou  n  ds  U  ,  u  8U  U  ,  b4u  > 

e  ternal  p.'.diorid  <  c  i  t  824  bounds  O.O  30u,*40> 

external  p edits  (Clt  825  bounds  U,6  3tf  0  ,  *4(3  > 
extern*!  LongGusrd  (cit  S2o  bounds  0,u  Suit  ,  *40> 
e  tern*)  p  *  o  1  cpiace  c  i  t  *8.  bounds-  O  ,0  8UU  ,  c  4  o  1 
e . .  tern  a  l  padlbin_ttl  tot  829  bounds  0,0  3O0,*4u.' 

e  .ternal  p*dJout_ttl  (cit  83*  bounds  O  .  it  300,*40) 

external  pad2 1  n  (cit  843  bounds  O.O  288,430) 
external  pad8t< i n  (cit  843  bounds  0,0  200,430) 
external  pad2gnd  (cit  348  bounds  0,0  200,430) 
external  pad2vdd  (cit  849  bounds  0,0  200,430) 
external  pad2ips.ee  (cit  850  bounds  0,0  200,430) 
e x  ter  r.al  p adSvdd  (  c  i  t  838  bou n ds  0 , 0  200, 30 * > 
external  padSin  (cit  839  bounds  0,0  200,30*) 
external  padSgnd  (cit  840  bounds  0,0  200,30b) 
e  terns.  I  p*d3space  '.cit  841  bounds  0,0  200,30*) 
ex  ter  rial  padl  ex  ample  tcit  83?  bounds  0,0  2400,  *40) 

external  pad2example  (cit  851  bounds  0,0  1800,430) 

e x ternal  p ad3e x amp  1 e  (cit  842  bou n ds  0 , 0  80 0 , 30 6 ) 

external  pt_2Sp4*x34  (cit  885  bounds  0,0  4*00,3400) 

e  x  ternal  pt_40 p4*x *8  (cit  854  bou  n ds  0 , 0  4*0  0 , *80 0  > 

e  ternal  p  t  _  4  0  p  *  9  x  *  8  (cit  8  51  ?  b  o  u  n  d  s  0,0  *  9  0  0 , 6  8  0  0  ) 

e x  t  e r  n  a  1  p  t _ 8 4 p 9 x b 8  (cit  8 51 3  b o u n ds  0 , 0  o 9 0 0  ,  * 8 0  o  ) 

external  pt_*4p/9x92  (cit  8*2  bounds  0,0  ?>00,9200) 

e..  ternal  pt_.84p?9x92  (cit  8*7  bounds  0,0  7900,9200,' 

ex  ternal  T)(_6riTE  (cit  20  bounds  0,0  38,30.) 
e..  ternal  il-lV  (cit  2i  bounds  0 ,0  3*,  25.) 
external  NtiND8  ( c  it  82  bounds  0,0  44,88) 

external  Ni4ND3  (cit  23  bounds  0,0  44,4;-) 

externa  I  Ni4ND4  (cit  24  bounds  0,0  44 ,  b5 ) 

extern*!  DBUF  'cit  25  bounds  0,0  9 4,90.) 
external  NUK2  '.cit  8*  bounds  0,0  48,87.) 
fiend  i  t 


Figure  F-l.  Listing  of  "c_ext.cll", 
available  cells  in 
CMCS/BULK  library  "libc.lib" 


Appendix  G. 


CLL  Plot  Of  CMOS/BULK  ALU 


Presented  are  the  CLL  plots  for  the  ALU.  The  entire 
ALU  is  shown  in  Figure  G-l,  and  the  four  quarters  of  it  are 
shown  in  Figures  G-2  through  G-5.  The  quarters  permit 
closer  inspection  of  the  ALU. 

The  definition  of  terms  are  as  follows: 


AO  - 

A3 

Operand  A 

BO  - 

B3 

Operand  B 

SO  - 

S3 

Function  selection,  see  Table  1V-1 

SSL 

When  "high"  selects  logic  functions, 

when  "low"  selects  arithmetic  functions 

FO  - 

FI 

4-bit  output 

P  i. 

G 

Carry  look-ahead  outputs 
for  successive  stages 

Cl 

Carry  in  bit 

CO 

Carry  out  bit 

Figure  G-1.  CMOS/HJLK  ALU 


ALU 


BANE 


CIFPLOT 


CLL 


CMOS 


DRC 


ESIM 


Glossary 


Arithmetic  Logic  Unit.  Combinational 
circuitry  that  performs  arithmetic  and  logic 
operations  on  two  binary  numbers. 

A  computer-aided-design  tool  used  to  layout 
and  plot  NMOS  or  CMOS  integrated  circuits 
using  CLL,  Chip  Layout  Language.  It  also 
generates  files  that  can  be  used  in  other 
computer-aided-design  tools  such  as  CIFPLOT 
and  MEXTRA. 

A  computer-aided-design  tool  used  to  layout 
and  plot  integrated  circuits  using  CIF, 
Cal-Tech  Intermediate  Format.  CIF  is  more 
complex  to  use  than  CLL,  although  final 
fabrication  files  are  sent  in  CIF. 

A  computer-aided-design  tool  used  to  layout 
and  plot  NMOS  integrated  circuits  using  CLL, 
Chip  Layout  Language.  It  also  generates 
files  that  can  be  used  in  other 
computer-aided-design  tools  such  as  CIFPLOT 
and  MEXTRA.  BANE  is  a  new  version  of  CLL. 

Complementary-Metal-Oxide-Semiconductor .  A 
transistor  technology  that  uses  an  n-channel 
field  effect  transistor  (NMOS)  and  a 
p-channel  field  effect  transistor  (PMOS)  in  a 
complementary  switching  action.  CMOS  can  be 
used  for  digital  or  analog  applications. 

A  computer-aided-design  tool  used  to  verify 
the  layout  of  an  integrated  circuit  by 
comparing  the  actual  layout  to  a  set  of 
design  rules. 

An  event-level  simulator  used  to  verify  the 
switching  of  an  NMOS  digital  integrated 
circuit.  It  requires  the  simulation  file 
supplied  by  MEXTRA. 


GLS-1 


Hi CMOS 


MEXTRA 


NETLIST 


NMOS 


PMOS 


PRESIM 


RNL 


SIMFILTER 


A  subgroup  of  the  CMOS  family  that  uses  a 
twin-well  fabrication  process  with  a  double 
layer  of  polysilicon.  It  increases  the  speed 
and  density  of  conventional  CMOS. 

A  computer-aided-design  tool  that  extracts 
information  about  the  nodes,  transistors,  and 
capacitors  of  an  NMOS  or  CMOS  (p-well  only) 
integrated  circuit.  The  extraction  creates  a 
simulation  file  suitable  for  ESIM  (for  NMOS) 
and  SIMFILTER/ PRESIM/ RNL  (for  CMOS  p-well). 

A  computer-aided-design  tool  that  takes  a 
network  description  of  the  entire  integrated 
circuit,  supplied  by  the  designer,  and 
performs  an  extraction  on  it.  It  creates  a 
simulation  file  suitable  for  PRESIM/RNL. 

N-channel  Metal-Oxide-Semiconductor.  A  field 
effect  transistor  that  uses  n-type  doped 
silicon  to  form  the  conducting  channel 
between  the  source  and  drain. 

P-channel  Metal-Oxide-Semiconductor.  A  field 
effect  transistor  that  uses  p-type  doped 
silicon  to  form  the  conducting  channel 
between  the  source  and  drain. 

A  computer-aided  design  tool  that  converts 
the  simulation  file  supplied  by  NETLIST  into 
a  binary  file  suitable  for  use  in  RNL. 

An  event  level  simulator  that  requires  the 
binary  output  file  of  PRESIM  to  do  the 
simulation  of  the  integrated  circuit.  RNL 
supports  NMOS  and  CMOS. 

A  computer-aided-design  tool  that  converts  a 
Berkeley  formatted  simulation  file  into  an 
M.I.T.  formatted  simulation  file  and  vice 
versa . 


GLS-2 


I 


VHSIC 


VLSI 


A  subgroup  of  the  CMOS  family  that  uses 
silicon  on  a  sapphire  substrate  (Silicon  On 
Sapphire) .  The  transistors  are  formed  on 
islands  of  silicon  grown  on  a  sapphire 
substrate.  This  particular  subgroup  is  not 
susceptible  to  latch-up. 

Very-High-Speed-Integrated-Circuits.  This  is 
a  DoD  sponsored  program  designed  to  push  the 
development  of  integrated  circuits  that  can 
be  dependably  used  in  military,  hostile,  or 
space  environments. 

Very-Large-Scale-Integrated  (circuits) .  This 
is  a  term  used  to  characterize  integrated 
circuits  that  contain  tens  of  thousands  of 
transistors  on  a  single  substrate. 
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